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B o i l in g  h a s  bean  found to  depend l a r g e l y  upon th e  
p r e se n c e  o f  f o r e ig n  a g e n ts  c a l l e d  e b u l l a t o r s ,  w h ich  ap p ear  
t o  a id  b o i l i n g  ( l )  b y  s u p p ly in g  b u b b le  n u c l e i  in  th e  form  
o f  ad sorb ed  g a s ,  a n d /o r , ( 2 ) b y  c r e a t in g  c a v i t i e s  on th e  
h e a t  t r a n s f e r  s u r f a c e ,  in  w h ich  th e  l iq u i d  u n d erg o es  l o c a l  
su p e r h e a tin g *  P r e se n c e  o f  a d sorb ed  g a s  or vapour seem s t o  
be th e  m ost p ro b a b le  r ea so n  f o r  n u c le u s  b u b b le  fo r m a tio n  
w ith o u t  abnorm al su p e r h e a tin g *  The n a tu r e  o f  b o i l i n g  o f  
w a te r , e t h y l  a lc o h o l ,& to lu e n e ,  h a s  b een  o b serv ed  in  a g l a s s -  
tu b e , v e r t i c a l ,  n a t u r a l - c i r c u l a t io n ,  e v a p o r a to r ,  and c o e f ­
f i c i e n t s  f o r  th e  b o i l i n g  s e c t i o n  r e p o r te d .  The f l u i d  colum n  
can  in  g e n e r a l be d iv id e d  in t o  b o i l i n g  and n o n - b o i l in g  s e c ­
t i o n s .  W orking on t h i s  b a s i s ,  o v e r a l l  and f i l m  c o e f f i c i e n t s  
f o r  th e  b o i l i n g  s e c t i o n  a re  r e p o r te d  f o r  w a ter  under n a tu r a l  
c i r c u l a t io n  in  a s t a i n l e s s  s t e e l  tu b e , and f o r  w a te r , e t h y l  
a lc o h o l  and to lu e n e  in  a cop p er tu b e  under n a t u r a l - c i r c u l a -  
t io n *  The c o e f f i c i e n t s  f o r  th e  b o i l i n g  f i l m  f o r  w a te r  are  
th e  h ig h e s t  and o f  th e  same o rd er  a s  th o s e  o b ta in e d  b y
p r e v io u s  i n v e s t i g a t o r s ,  ^he same th r e e  l i q u i d s  have b een  
s tu d ie d  under f o r c e d - c i r c u l a t i o n  in  th e  c o p p e r - tu b e . The 
c o e f f i c i e n t s  o b ta in ed  a re  g e n e r a l ly  lo w er  th an  b e f o r e .  
B o i l in g  h as a l s o  b een  s tu d ie d  on e le c t^ Q r c a lly  h e a te d  w ir e s  
o f  th r e e  d i f f e r e n t  d ia m e te r s  w ith  w a ter  and e t h y l  a lc o h o l  
a t  t h e i r  b o i l i n g  p o in t s ,  under f o r c e d - c i r c u l a t i o n  a t  th r e e  
d i f f e r e n t  v e l o c i t i e s .  ^ o r c e d - c ir c u la t io n  in c r e a s e s  h e a t  
t r a n s f e r  in  th e  n a tu r a l  c o n v e c t io n  r e g io n ,  and in  th e  b o i l ­
in g  r e g io n  f o r  low  v a lu e s  o f  tem p era tu re  d ro p . Above about  
25°F o f  tem p era tu re  drop n e i t h e r  v e l o c i t y  n o r  w ir e  d ia m e te r  
seem  t o  a f f e c t  th e  h e a t f l u x .
L a ten t h e a t s  have b een  d eterm in ed  a t  a tm o sp h er ic  
and lo w er  p r e s s u r e s  f o r  e t h y l  a lc o h o l  ( 9 5 .6 $ ) ,  and t o lu e n e .
I N T R O D U C T I O N .
THE MECHANISM OF BOILING
I N T R O D U O T  I O N .  '
A lth ough  th e  phenomena o f  t h e  11 s i n g i n g  k e t t l e ” 
and th e  ”d a n c in g  d ro p ” m ust hav e  "been f a m i l i a r  t o  man s in c e  
q u i t e  e a r l y  t im e s  i t  i s  r e l a t i v e l y  w i t h i n  v e ry  r e c e n t  de ­
c a d e s  t h a t  t h e  f o r m a t io n  o f  'bubb les  h a s  r e c e i v e d  s c i e n t i f i c  
a t t e n t i o n .  T h is  i s  p a r t l y  due t o  t h e  f a c t  t h a t  t h e  fo rm a­
t i o n  o f  a  b u b b le  i s  a  n o n - e q u i l ib r iu m  p r o c e s s  n o t  am enable  
t o  therm odynam ic t r e a tm e n t .  I n  a d d i t i o n ,  t h e  g e n e r a l  p r e ­
v a le n c e  o f  e x t r a n e o u s  b u b b le  n u c l e i  i n  a e r a t e d  l i q u i d s  and 
on o r d i n a r y  s u r f a c e s  w hich  p rom ote  b o i l i n g  and  e f f e r v e s c e n c e ,  
h a s  l e d  t o  t h e  l a c k  o f  a  r e a l i s a t i o n  o f  t h e  p ro b lem . However, 
t h e  r o l e  which b o i l i n g  and  th e  t r a n s f e r  o f  h e a t  t o  b o i l i n g  
l i q u i d s  p l a y  i n  s e v e r a l  i n d u s t r i a l  o p e r a t i o n s  l i k e  s te a m -  
r a i s i n g ,  e v a p o r a t i o n ,  r e f r i g e r a t i o n ,  e t c . ,  m arks them a s  
one o f  th e  m ost im p o r ta n t  b r a n c h e s  o f  C hem ical E n g in e e r in g *
(3)
(4)
PART, I
Types o f  B o i l i n g  
&
The B o i l i n g  G urve .
When w a te r  i s  h e a t e d  on a h o t  s u r f a c e  a s t a g e  
comes when h u h b le s  "begin t o  a r i s e  ft*om th e  b o t to m  and "burst 
on t h e  s u r f a c e ,  a g i t a t i n g  t h e  whole mass o f  l i q u i d  a t  th e  
same t im e .  As th e  h e a t i n g  i s  c o n t in u e d ,  t h e  b o i l i n g  becomes 
more and more v ig o r o u s  w i th  i n c r e a s i n g  t e m p e r a tu r e  d i f f e r e n c e  
be tw een  t h e  h o t  s u r f a c e  and t h e  b o i l i n g  liqald*,* I n  t h e  r a n g e  
o f  sm a l l  temp, d ro p ,  & t ,  up t o  a b o u t  5 ° P ,  t h e  c o e f f i c i e n t  
o f  h e a t  t r a n s f e r  ( ' h * , i n  B. T h*W /hr/sq . f t . / ° P  ) and  t h e  
H eat F lu x  ( Q/A9, o r ,  q / k ,  i n  B. Th. U / h r / s q . f t . ) r i s e  s lo w ly  
w i th  i n c r e a s i n g  tem p. d ro p .  The h e a t  p a s s e s  by  f r e e  co nv ec ­
t i o n  o n ly  and t h e  f l u x  and t h e  h e a t  t r a n s f e r  c o e f f .  a r e  o f  
t h e  same o r d e r  o f  m a g n i tu d e  a s  f o r  warming t h e  l i q u i d  w i th ­
o u t  p h a se  change .
" W ith i n c r e a s i n g  temp, d r o p ,  t h e  f l u x  and  t h e  
s u r f a c e  c o e f f .  o f  h e a t  t r a n s f e r  r i s e  q u i t e  r a p i d l y .  D u r in g  
t h i s  s t a g e  b u b b le s  h av e  b e e n  r i s i n g  from  s e l e c t e d  p o i n t s  
o r  ' n u c l e i 1 i n  n e a t  c h a in s  and t h e  number o f  t h e s e  n u c l e i  
h a s  i n c r e a s e d  g r a d u a l l y  t i l l ,  by  now, t h e  whole s u r f a c e  i s  
p r a c t i c a l l y  c o v e re d  w i th  t h e  l a t t e r ,  ^ 'h is  i s  th e  r e g i o n  o f  
n N u c le a te  B o i l i n g  H.
<s>
F ig .  0 . 1 .  shows n u c l e a t e  "b o il in g  o f  001^ (R ef. 2 ,  
p .4 5 0 )  from  a s te a m -h e a te d  tu b e .  i n  t h e  r e g i o n  o f  n u c l e a t e  
"b o i l in g  "both th e  f l u x  and th e  h e a t  t r a n s f e r  c o e f f .  a r e  l a r g e  
and o f  t h e  same o rd e r  o f  m ag n itu d e  a s  t h o s e  f o r  co n d en sa ­
t i o n .
On f u r t h e r  i n c r e a s i n g  t h e  temp* drop* th e  f l u x  
and t h e  f i lm  c o e f f .  o f  h e a t  t r a n s f e r  q u i c k ly  a t t a i n  a m axi­
mum and th e n  "begin t o  d e c r e a s e .  'The s u r f a c e ,  which was 
a l r e a d y  c o v e re d  w i th  n u c l e i ,  now assum es a t h i n  f i l m  o f  
vapo u r  over i t .  T h is  f i l m  "bulges o c c a s i o n a l l y  e v o lv in g  r a t h e r  
l a r g e  f l a b b y  b u b b le s .  T h is  i s  t h e  s t a g e  o f  F i lm B o l l i n g .
The f i l m - b o i l i n g  h a v in g  s e t  i n ,  t h e  f l u x  g r a d u a l l y  f a l l s  
t o  a minimum and th e n  r i s e s  s t e a d i l y  a g a in  w i th  i n c r e a s i n g  
&t b u t  th e  f i l m  c o e f f i c i e n t  a t  f i r s t  f a l l s  r a p i d l y  and 
th e n  more s lo w ly .  F ig .  0 . 2 .  shows t h e  f i lm  b o i l i n g  o f  
CCl^ on th e  same s u r f a c e  a s  i n  F ig .  0 . 1 .
F ig .  0 . 3 . ,  known a s  t h e  B o i l i n g  C u rv e , shows 
q u a l i t a t i v e l y  what hap pens  when t h e  temp, d rop  i s  i n c r e a s e d  
from  Wig ^  t o  a  v e r y  h ig h  v a lu e .  The p o i n t  o f  i n f l e x i o n  
i n  t h e  c u rv e  f o r  f l u x ,  Q/AQ, w hich  m arks t h e  t r a n s i t i o n  
be tw een  n u c l e a t e  and f i l m  b o i l i n g j c o r r e s p o n d s  t o  t h e  m axi­
mum f l u x  a t t a i n a b l e  i n  t h e  ra n g e  o f  N u c l e a t e f b o i l i n g ,  
and th e  temp, d ro p  a t  which t h i s  i n f l e x i o n  o c c u r s ,  i n  th e  
c u rv e  f o r  f l u x ,  i s  c a l l e d  t h e  C r i t i c a l  Temp. D i f f e r e n c e .
F o r  w a te r  t h i s  maximum i s  a s  l a r g e  a s  4 0 0 ,0 0 0
CO
P ig .  0 . 1 .
P i g .  0 . 2 .
C .). Heating 
1/50 sec.
( a ) .  N ucleate b oiling o f  carboh tetrachloride (b.p . 76.8° C .)  
su r fa ce :  S team -heated A "  O .D . steel tube. E x p o su re: 1/195 sec.
lleatino^ H
J
Film boiling of carbon tetrachloride (b.p. 76.8° 
s u r f a c e :  Steam-heated A "  O.D. steel tube. E xposure:
‘H  0114 0 ,2  above hav e  'been ta k e n  from  R ef  2 Pn 450 and 4 5 2 ,  r e s p e c t i v e l y .  2 ’ ^
C O
B . T h . U / h r / s q . f t .  and t h e  c o r r e s p o n d in g  C r i t i c a l  A t i s  45°F 
(R ef.  3 , p . 29 7 ) .
The f i r s t  co m p le te  B o i l i n g  c u rv e  was g iv e n  by  
Nukiyama ( J .S o c .M e c h .E n g rs .  , J a p a n ,  3 7 ,3 6 7 ,1 9 3 4 ;  c i t e d  "by 
R e f s . 2 , 3 , a n d 6 ) . P a r h e r  and S c o rah 7 , u s i n g  e l e c t r i c a l l y  
h e a t e d  N i ,  W, and Chromel A and C w i r e s ,  fo u n d  t h a t  d i f ­
f e r e n t  m e t a l s  g iv e  d i f f e r e n t  " b o i l in g  c u rv e s  f o r  t h e  same 
l i q u i d .  When w a te r  was "bo iled  a t  d i f f e r e n t  e l e v a t e d  p r e s s u r e s ,  
t h e  same m e ta l  gave d i f f e r e n t  "b o i l in g  c u r v e s .  How ever,
th ro u g h o u t  t h e i r  e x p e r im e n ts  t h e  g e n e r a l  form  o f  t h e  c u rv e
6rem a in e d  th e  same. McAdams e t  a l  , u s i n g  e l e c t r i c a l l y  h e a t e d  
p la t in u m  w i r e s  o f  f o u r  d i f f e r e n t  d i a m e t e r s ,  to o k  d a t a  on 
h e a t  f l u x  i n  t h e  f i l m  b o i l i n g  r a n g e  w e l l  ahove t h e  maximum 
p o s s i b l e  i n  t h e e  n u c l e a t e  r a n g e .  F i lm  b o i l i n g  a p p e a re d  
t o  d e s t r o y  a c t i v e  n u c l e i  and  a sm a ll  t im e  l a g  was o b s e rv e d  
a f t e r  a  d e c r e a s e  i n  At from  t h e  f i l m  b o i l i n g  r a n g e  b e f o r e  
n u c l e a t e  b o i l i n g  a g a in  became a c t i v e .  As t h e  w i r e  d ia m e te r  
i n c r e a s e d  t h e  maximum f l u x  f o r  n u c l e a t e  b o i l i n g  i n c r e a s e d  
t o  a  maximum, t h e  c o r r e s p o n d in g  At re m a in e d  c o n s t a n t ,  and 
t h e  h e a t  f l u x  a t  t h e  i n c i d e n c e  6f  f i l m  bOCLing d e c r e a s e d .
Some t e s t s  a t  h i g h e r  p r e s s u r e s  r e s u l t e d  i n  e x t r e m e ly  h ig h  
h e a t  f l u x e s .
I t  i s  by  no means c e r t a i n  t h a t  a l l  t h e  v a r i a b l e s  
w i th  an im p o r ta n t  e f f e c t  on t h e  shape  and t h e  p o s i t i o n  o f  
t h e  b o i l i n g  c u rv e  a r e  known. The m ost s i g n i f i c a n t ,  a s  f a r  
a s  i s  known a t  p r e s e n t ,  i s  t h e  c h a r a c t e r  o f  t h e  h e a t i n g
s u r f a c e ,  a l th o u g h  i t  i s  im p o s s ib le  t o  draw c o n c lu s io n s  a s  
t o  t h e  e f f e c t s  o f  s p e c i f i c  ch an g es  i n  th e  s u r f a c e .  C o r r o s io n  
f i l m s ,  s u r f a c e  t e n s i o n  and th e e  c o n c e n t r a t i o n  o f  d i s s o l v e d  
s o l i d s  a f f e c t  the  whole c u rv e .  I n  a  g e n e r a l  way, t h e  c u rv e  
i s  s h i f t e d  t o  t h e  r i g h t  hy  an  i n c r e a s e  i n  e i t h e r  v a r i a b l e .
C r i t i c a l  At and F i lm  B o i l i n g
The', C r i t i c a l  A t d i f f e r s  , f o r  each  s u r f a c e - l i q u i d  
p a i r '^ 3 (p*3 1 5 ) ,4 ,5 ,1 6 ^  can  iqq s h i f t e d  somewhat by
v a r i o u s  t r e a t m e n t s  o f  t h e  h e a t i n g  s u r f a c e  and  b y  t h e  ad ­
d i t i o n  o f  a  w e t t i n g  a g e n t  t o  t h e  l i q u i d .  B etw een t h e  m ax i­
mum and t h e  minimum p o i n t s  o f  t h e  b o i l i n g  c u rv e  f o r  h e a t  
f l u x ,  t h e r e  e x i s t s  Mixed B o i l i n g  * -  n u c l e a t e  b o i l i n g  
on some p a r t s  o f  t h e  s u r f a c e  and f i l m  b o i l i n g  on t h e  r e s t ­
and  t r u e  f i l m  b o i l i n g  does n o t  s e t  i n  u n t i l  t h e  minimum 
p o i n t  h a s  b e e n  p a s s e d .  I n  t h e  r a n g e  o f  t r u e  f i l m  b o i l i n g ,  
r a d i a t i o n ,  even a t  t h e  h i g h e s t  t e m p e r a tu r e  l e v e l ,  can  a c ­
c o u n t  f o r  o n ly  1Q-1S$ o f  th e  h e a t  f lu x *  H ence , h e a t  
t r a n s f e r  a c r o s s  t h e  v a p o u r  l a y e r  m ust b e  l a r g e l y  b y  con­
d u c t io n  and  c o n v e c t io n .
I n  t h e  r a n g e  o f  m ixed  b o i l i n g ,  j u s t  a f t e r  p a s s ­
in g  beyond t h e  C r i t i c a l  A t ,  t h e  f l u x  and  fh* b e g in  t o  de ­
c r e a s e  b e c a u s e  o f  t h e  f o r m a t io n  o f  a  f i l m  o f  v ap o u r  o f  low  
th e rm a l  c o n d u c t i v i t y  t h a t  i n s u l a t e s  t h e  h e a t i n g  s u r f a c e
(9)
from  th e  l i q u i d .  T h is  phenomenon was f i r s t  m e n t io n e d  hy  
L e i d e n f r o s t  i n  1756 ( c i t e d  "by R e f .  2 and  3) who o b se rv e d  
t h a t  d ro p s  o f  w a te r  e v a p o r a te  more s lo w ly  on a  r e d - h o t  
s u r f a c e  th a n  on a c o n s i d e r a b ly  c o ld e r  one. On t h e  fo rm e r  
t h e  d ro p  assum es th e  * S p h e r o id a l  Form w and i s  s e p a r a t e d  
from  t h e  h e a t i n g  s u r f a c e  b y  a  f i l m  o f  v a p o u r  on w hich  i t  
d a n c e s  a b o u t .  I f  t h e  s u r f a c e  i s  g r a d u a l l y  c o o le d ,  a  p o i n t  
comes when t h e  d rop  b o i l s  o f f  a lm o s t  e x p l o s i v e l y .  The 
s p h e r o i d a l  s t a t e  i s  a n o n - e q u i l ib r i u m  c o n d i t i o n  assum ed 
by  two o r  more b o d ie s  o f  s o l i d  o r  l i q u i d ,  when an a t t e m p t  
i s  made t o  b r i n g  them t o g e t h e r  w h i le  t h e i r  t e m p e r a t u r e s  
d i f f e r  by  more th a h  a  d e te r m i n a te  am ount; i t  i s  c h a r a c t e r ­
i s e d  by  t h e  s u b s i s t e n c e  o f  a  l a y e r  o f  v a p o u r  b e tw ee n  t h e  
b o d i e s ,  which r e s i s t s  and p r e v e n t s  t h e i r  b e in g  b r o u g h t  
t o g e t h e r  i n t o  d i r e c t  c o n t a c t .  E v i d e n t l y ,  f i l m  b o i l i n g  
i s  an  i n s t a n c e  o f  th e  s p h e r o i d a l  s t a t e .  A l th o u g h  w i th
■{, CkJ
d ro p s  t h e r e  i s  no b u b b l in g ,  t h i s  b e h a v io u r  i s  e s se n -y & ly  
a n a lo g o u s  t o  t h a t  i n  b o i l i n g  when th e  c r i t i c a l  t e m p e r a tu r e  
d i f f e r e n c e  i s  a p p ro a c h e d  from  t h e  h ig h  s i d e .  A t te m p ts  
h av e  b e e n  made t o  m easu re  t h e  minimum &b f o r  w hich  th e  
d rop  assum es th e  s p h e r o i d a l  s t a t e ,  b u t  t h e  e x p e r im e n ta l  
t e c h n iq u e  was such  t h a t  t h e  r e s u l t s  p r o b a b ly  h av e  l i t t l e  
p r e c i s i o n .  T h e 'd a t a  o f  B o u t ig n y  and B e rg e r  ( c i t e d  b y  R e f .  
2 ) show t h a t  t h e  maximum s u r f a c e  t e m p e r a tu r e  f o r  th e  sp h e ­
r o i d a l  s t a t e  i n  t h e  c a s e  o f  a  g iv e n  l i q u i d  dep en d s  on t h e  
k in d  o f  h o t  s u r f a c e .
cThe c r i t i c a l  At i s  b e s t  d e te rm in e d  by  f i n d i n g  
th e  maximum f l u x  w i th  a  v a p o u r - h e a t e d  s u r f a c e #  The G r i t#
At f o r  a  g iv e n  s u r f a c e - l i q u i d  p a i r  i s  s u b s t a n t i a l l y  in d e ­
p e n d e n t  o f  t h e  b o i l i n g  t e m p e r a tu r e  and  t h e  c o r r e s p o n d in g  
t o t a l  p r e s s u r e ,  and th e  c o r r e s p o n d in g  X lu x  i n c r e a s e s  w i th  
i n c r e a s e  i n  t h e  b o i l i n g  t e m p e r a tu r e .
H ow ever, M o sc ic k i  and B r o d e r , ( c i t e d  b y  R e f . 2) 
u s e d  an  e l e c t r i c a l l y - h e a t e d  w i r e  t o  f i n d  t h e  c r i t .  A t ,  
and t h e  temp, a t  which th e  w ire  was b u r a t  o u t  o r  showed 
a  sudden  i n c r e a s e  i n  t e m p e r a tu r e  was t a k e n  t o  i n d i c a t e  
t h e  p o i n t  o f  i n f l e x i o n  b e tw een  n u c l e a t e  and  f i l m  b o i l i n g .  
They fo u n d  - h  t h e  l i m i t i n g  temp# o f  t h e  s u r f a c e  t© b e  i n ­
d e p en d e n t  o f  t h e  m ain  body t e m p e r a tu r e  o f  t h e  l i q u i d #  T h is  
seems t o  i n d i c a t e  t h a t  t h e  l i m i t i n g  f a c t o r  i s  p r i m a r i l y  
t h e  t e m p e r a tu re  a t  t h e  h e a t i n g  s u r f a c e - l i q u i d  i n t e r f a c e .
Bp t p  t h e  p o i n t  o f  f a i l u r e  o f  t h e  h e a t in g ,  w i r e , t h e  f l u i d  
im m e d ia te ly  a d j a c e n t  t o  i t s  s u r f a c e .w o u l d ,  i n  a l l  c a se s#  
b e  a t  t h e  t e m p e r a tu r e  o f  t h e  l a t t e r  and*,the o n ly  change  
i n  l o c a l  c o n d i t i o n s  c a u se d  by  t h e  lo w e r in g  o f  th e  m ain  
body  temp. , would b e  a  s t e e p e n in g  o f  th e  tem p, g r a d i e n t  
i n  th e  l i q u i d .  Hence t h e  f l u x  p e r  se  i s  w i th o u t  i n f l u e n c e  
and t h e  c r i t i c a l  At sh o u ld  be  u n d e r s to o d  a s  m e re ly  a  temp, 
m easu red  r e l a t i v e  t o  th e  b o i l i n g  p o i n t .
R e f# 3 (p# 310) g iv e s  a  t a b l e  o f  r e s u l t s  on G r i t .
Ctt)
temp, d rop  o b ta in e d  by  v a r i o u s  i n v e s t i g a t o r s  f o r  a  l a r g e  
number o f  s u r f a c e - l i q u i d  c o m b in a t io n s  and d i f f e r e n t  b o i l i n g  
p o i n t s  o f  t h e  same l iq u id *  F o r  a  g iv e n  l i q u i d  and  p r e s s u r e ,  
t h e  c r i t i c a l  At i s  i n c r e a s e d  by  s u b s t a n t i a l  d e p o s i t s  o f  
s c a l e  and i s  l e s s  f o r  d ro p w ise  t h a n  f o r  f i l m  c o n d e n s a t io n  
o f  s team .
The c r i t .  A t a t  w hich t h e  maximum f l u x  o c c u r s ,  
i s  som etim es even l e s s  th a n  th e  d i f f e r e n c e  b e tw ee n  th e  
t e m p e ra tu re  o f  a tm o s p h e r ic  steam  and t h e  b o i l i n g  p o i n t  o f  
th e  l i q u i d  i n  q u e s t io n .  H en ce , c a s e s  i n  p r a c t i c e  can  and 
do a r i s e  i n  which t u r n i n g  on more s team  w i l l  r e d u c e  t h e  
c a p a c i ty  o f  t h e  equ ipm en t f o r  b o i l i n g .  I t  seems p r o b a b le  
t h a t , a t  t h e  maximum, th e  t e m p e r a tu r e  o f  t h e  h e a t i n g  s u r f a c e  
i s  i d e n t i c a l  w i th  t h e  temp, f o r  t h e  o c c u r r e n c e  o f  t h e  sp h e ­
r o i d a l  s t a t e  w i th  t h e  s u r f a c e - l i q u i d  sy s tem  i n  q u e s t i o n ,  
i f  n o t  i d e n t i c a l ,  t h e  two t e m p e r a tu r e s  m ust b e  n e a r l y  t h e  
sam e^fo r t e m p e r a tu r e  d i f f e r e n c e s  s l i g h t l y  beyond t h e  G r i t*
At t h e  system  b & s d e f i n i t e l y  assum ed t h e  s p h e r o i d a l  s t a t e .
^ { e  #  $  $  s?t s{s Mt!}: *  $  £
cl*)
Mechanism o f  N u c le a te  B o i l i n g .
The m ost com prehensive  p u b l i s h e d  s tu d y  o f  b u b b le
9
f o r m a t io n  i s  t h a t  due to  Jakob and  h i s  a s s o c i a t e s .  I f  a  
l i q u i d  and i t s  v a p o u r  e x i s t  t o g e t h e r ,  w i th  no exchange o f  
h e a t  be tw een  them , th e n  i t  i s  a  c o n d i t i o n  o f  e q u i l i b r i u m ,  
w i th  e q u a l  number o f  m o le c u le s  b e in g  exchanged  be tw een  th e  
two p h a s e s .  In  t h e  p r o c e s s  o f  e v a p o r a t io n  t r u e  e q u i l i b r i u m  
d o es  n o t  e x i s t ,  s i n c e  h e a t  and  mass a r e  b i i n g  c o n t in u o u s ly  
t r a n s f e r r e d  from  one p h ase  to  t h e  o t h e r .
b u b b le  f o r m a t io n .  The f o r m a t io n  o f  a l i q u i d - v a p o u r  i n t e r ­
f a c e  r e q u i r e s  en e rg y  and en e rg y  i s  r e q u i r e d  to  e x te n d  th e  
s u r f a c e  once fo rm ed . F o f a  g iv e n  i n c r e a s e  i n  volume a 
g r e a t e r  p e r c e n ta g e  i n c r e a s e  i n  s u r f a c e  a r e a  o c c u r s  w i th  a  
s m a l l ,  n ew ly -fo rm ed  b u b b le  th a n  w i th  a  l a r g e  b u b b le .  T hus, 
t h e r e  i s  a  h ig h  n a t u r a l  r e s i s t a n c e  to  t h e  o r i g i n  o f  a  b u b b le .  
T h is  s u r f a c e  e n e rg y  r e q u i r e m e n t  a c c o u n ts  f o r  th e  f a c t  t h a t  t h e  
v a p o u r  p r e s s u r e  i n s i d e  t h e  b u b b le  i s  lo w e r  t h a n  would n o r m a l ly  
o c c u r  f o r  t h e  same tem p, and p r e s s u r e  c o n d i t i o n  o f  t h e  en ­
v i ro n m e n t .  T hus, a c c o rd in g  to  L ord  K e lv in ,
The p rob lem  a r i s e s  o f  t h e  f o r c e s  w hich c o n t r o l
Co - i )
c
where p « s a t u r a t i o n  p r e s s u r e  a t  concave s u r f a c e ,
c
P * f t  f t  , ,  p la n e
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<r = s u r f a c e  t e n s i o n ,
R = R ad ius o f  b u b b le ,
= D e n s i ty  o f  s a t u r a t e d  f l u i d  and 
f  = , ,  , ,  , ,  v a p o u r .
At th e  same t im e  th e  o t h e r  e f f e c t  o f  s u r f a c e
t e n s i o n  i s  t h a t  f o r  a  b u b b le ,
P — p -v 2 o~~ . . .  . . .  . . .  ( 0 . 2 )
i n  ex  R
w h e re ,  p = p r e s s u r e  i n  th e  i n t e r i o r  o f  th e  “b u b b le ,a n d  
i n
P .. >> on  , ,  e x t e r i o r  , ,  , ,  , ,  .
ex
B oth  t h e  above r e l a t i o n s h i p s  r e q u i r e  t h e  l i q u i d  
to  be  s u p e r h e a te d  i n  o r d e r  t h a t  o r i g i n  and deve lop m en t o f  
b u b b le  may ta k e  p l a c e .  F o r ,  u n l e s s  t h e r e  were a  tem p, 
g r a d i e n t ,  no e v a p o r a t io n  i n to  th e  i n t e r i o r  o f  th e  b u b b le  
w ould  t a k e  p l a c e .
The im p o r tan c e  o f  t h i s  s u p e r h e a t  was f i r s t  r e ­
c o g n is e d  by B osna^akov ic7 L Tech. Mech. und Thermodynamik 
( 1 9 5 0 ) ,  V o l . I ,  p . 358 1 . S in ce  th e  n u c le u s  b u b b le  i s  i n ­
f i n i t e l y  sm a ll  ( 0 . 1 )  and (O.fc) would r e q u i r e  ex ­
c e s s i v e  s u p e r h e a t in g .  In  f a c t ,  such  s u p e r h e a t in g  h a s  been
2 7 , 29 .
o b s e rv e d  w i th  p u re  l i q u i d s .
A c t u a l l y ,  how ever ,  t h e r e  a r e  o f t e n  n u c l e i  p r e s e n t  
w hich  f a c i l i t a t e  t h e  fo r m a t io n  o f  th e  n u c le u s  b u b b le .  A f t e r  
"an  e x p lo s io n  on a  m ic ro s c o p ic  s c a l e "  th e  b u b b le  comes i n t o
a k )
e x i s t e n c e  and th e  s u p e r h e a t  p r o v id e s  t h e  m o tiv e  f o r c e  to  
i t s  d iv e lo p m e n t .
By means o f  s t r o b o s c o p ic  and  c in e m a to g ra p h ic  
p h o to g ra p h y ,  Jakob and h i s  a s s o c i a t e s  made a d e t a i l e d  s tu d y  
o f  th e  p r o d u c t i o n ,  r a t e  o f  r i s e  and g row th  o f  b u b b l e s .  Bub­
b l e s  a r e  fo rm ed a t  th e  a v e rag e  r a t e  o f  20 / s e c . ;  th e y  a d ­
h e r e  to  t h e  s u r f a c e  f o r  1 /4 0  t h  o f  a  s e c .  and th e n  d e ta c h  
th e m s e lv e s ;  th e  p o i n t  i s  s l i g h t l y  c o o le d  by w a te r  and r e ­
h e a t e d ,  a n d ,  a f t e r  a n o th e r  1 /4 0  t h  o f  a  s e c . ,  t h e  n e x t  b u b ­
b l e  o r i g i n a t e s .
The D i s t r i b u t i o n  o f  Temp, above th e  H e a t in g  Surf a c e  
u p to  th e  steam  r e g i o n  h a s  a l s o  b een  c l e a r e d  up by Ja k o b .
( F i g .  0 . 4 ) .  The tem p, changed su d d e n ly  a t  t h e  w a te r  l e v e l  
s u r f a c e  from  th e  somewhat h i g h e r  tem p, o f  w a te r  to  t h e  s a ­
t u r a t i o n  tem p, o f  v a p o u r ,  t h i s  b e in g  t r u e  i n  th e  e n t i r e  s team
s p a c e .  The mean s u p e r h e a t in g  o f  w a t e r  changes  b u t  l i t t l e
o
w i th  t h e  speed  o f  e v a p o r a t i o n .  I t  i s  0 .5  C f o r  a  smooth 
and 0 .3°C  f o r  a  rough  s u r f a c e .
I n  th e  c lo s e  p ro x im i ty  o f  t h e  h e a t i n g  s u r f a c e  t h e  
s u p e r h e a t in g  o f  w a te r  i n c r e a s e s  g r e a t l y  u ^ to  th e  tem p, o f  
t h e  h e a t i n g  s u r f a c e ,  i n d i c a t i n g  t h a t  a  t h i n  l a y e r  a p p a r e n t ­
l y  e x i s t s ,  n o t  m ixed by c o n v e c t io n  s i m i l a r  to  t h e  w e ll-k now n  
P r a n d t l  Boundary L a y e r .  I n  c o n t r a s t  to  th e  tem p, d rop  a t  
t h e  w a te r  l e v e l  s u r f a c e ,  th e  tem p, d rop  i n  t h i s  l a y e r  d e ­
p en d s  on th e  h e a t  f lo w ,  r i s i n g  w i th  i t .  The tem p, d rop  i s
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g r e a t e r  i n  th e  e a se  o f  a smooth s u r f a c e  th a n  i n  t h e  c a se  o f  
a  ro u g h  on e . Thus ro u g h n e ss  f a c i l i t a t e s  h e a t  t r a n s f e r  "by- 
s u p p ly in g  a l a r g e  number o f  n u c l e i  f o r  b u b b le  f o r m a t io n .  These 
b u b b le s  c r e a t e  a  b e t t e r  c o n v e c t io n  and  hence  l e s s  s u p e r h e a t  
i n  th e  l i q u i d .  S in ce  b u b b le s  o r i g i n a t e  i n  t h e  t h i n  l a y e r  a t  
t h e  h e a t i n g  s u r f a c e ,  th e y  a re  exposed  to  a  h o t t e r  e n v iro n m e n t ,  
a  f a c t o r  f a v o u r a b le  to  t h e i r  g ro w th .
THEORIES OF SUPERHEATING- AHD SUPERSATURATION 
AND THE ROLE OF EBULLATORS IN BUBBLE FORMATION
R e l a t i v e l y  l i t t l e  h a s  b een  p u b l i s h e d  d e a l i n g  w ith  
t h e  fo r m a t io n  o f  a b u b b le  o f  v a p o u r  i n  a  s u p e r h e a te d  l i q u i d  
and th e  e sc a p e  o f  g a s e s  from  s u p e r s a t u r a t e d  s o l u t i o n s .  T h is  
i s  dfte p a r t l y  to  th e  f a c t  t h a t  b u b b le  fo r m a t io n  i s  a  n o n ­
e q u i l i b r i u m  p r o c e s s  n o t  am enable bo therm odynam ic t r e a t m e n t .
I n  a d d i t i o n  g e n e r a l  p r e v a le n c e  o f  e x t r a n e o u s  b u b b le  n u c l e i  
i n  a e r a t e d  l i q u i d s  and on o r d in a r y  s u r f a c e s  w hich  p rom ote  
b o i l i n g  and e f f e r v e s c e n c e  h a s  l e d  to  a  l a c k  o f  r e a l i s a t i o n  o f  
t h e  p ro b lem . However, t h e r e  a r e  s e v e r a l  p ro b lem s i n  Chemi­
c a l  E n g in e e r in g  where b u b b le  f o r m a t io n  i s  d e s i r e d ,  and  t h e r e  
a r e  o t h e r s  i n  h y d r a u l i c s  and p r e s s u r e  p h y s io lo g y  where b u b b le  
f o r m a t io n  i s  to  be  a v o id fc d . i f  p o s s i b l e .
The prob lem  o f  t h e  e f f e r v e s c e n e  o f  a  l i q u i d  s u p e r ­
s a t u r a t e d  w i th  gas  i s  s t r i c t l y  a n a lo g o u s  to  t h e  p rob lem  o f  
b u b b le  f o r m a t io n  in  s u p e r h e a te d  l i q u i d s  o r  l i q u i d s  u n d e r  ' :
(TO
n e g a t iv e  p r e s s u r e .  J u s t  a s  a  l i q u i d  can  be s u p e r h e a te d  
u n d e r  a  g iv e n  p r e s s u r e ,  so u n d e r  a  g iv e n  temp, t h e  p r e s s u r e
can  "be re d u c e d  o r  even made n e g a t iv e  io  t h a t  a  t e n s i o n  d e v e -
j-t t • • a 11 ,12  >13 ,14: f15 •l o p s  m  t h e  l i q u i d .  * In  a l l  t h e s e  c a s e s ,
how ever, a  f o r e i g n  n u c le u s  i n i t i a t e s  b u b b le  f o r m a t io n  w i th ­
o u t  a  r e s o r t  to  such  ex trem e c o n d i t i o n s .
The fu n d am en ta l  d i f f i c u l t y  o f  b u b b le  f o r m a t io n  
l i e s  in  th e  s u r f a c e  t e n s i o n  o f  t h e  l i q u i d .
S u r fa c e  T en s io n  & th e  Bubble -  A m o le c u le  i n  th e  
i n t e r i o r  o f  a l i q u i d  i s  a t t r a c t e d  e q u a l ly  i n  a l l  d i r e c t i o n s .
oOn a m o le cu le  i n  t h e  s u r f a c e ,  hjwever, t h e r e  i s  a r e s u l t a n t  
a t t r a c t i o n  inw ards  b e c a u se  th e  number o f  m o le c u le s  p e r  u n i t  
volume i s  g r e a t e r  i n  th e  b u lk  o f  th e  l i q u i d  th a n  i n  t h e  v a ­
p o u r .  As a  consequence  o f  t h i s  inw ard  p u l l  t h e  s u r f a c e  o f  
a  l i q u i d  feararcng a lw ays t e n d s  to  c o n t r a c t  to  t h e  s m a l l e s t  p o s ­
s i b l e  a r e a ;  i t  i s  f o r  t h i s  r e a s o n  t h a t  d ro p s  o f  l i q u i d s  
and b u b b le s  o f  v ap o u r  i n  a  l i q u i d  become s p h e r i c a l ,  t h e  s u r ­
f a c e  b e in g  th e n  a  minimum f o r  a  g iv e n  volum e. In  o r d e r  to  
e x te n d  th e  a r e a  o f  th e  s u r f a c e  i t  i s  o b v io u s ly  n e c e s s a r y  to  
do work to  b r i n g  th e  m o le c u le s  from  t h e  b u lk  o f  th e  l i q u i d  
i n t o  th e  s u r f a c e  a g a i n s t  th e  inw ard  a t t r a c t i v e  f o r c e s ;  t h e  
work r e q u i r e d  to  i n c r e a s e  t h e  a r e a  by 1 sq .cm . i s  c a l l e d  th e  
F re e  S u r fa c e  E n erg y . The ten d e n cy  f o r  a  l i q u i d  to  c o n t r a c t  
may be  r e g a r d e d  a s  a  consequence  o f  i t s  p o s s e s s i o n  o f  f r e e  
e n e rg y ,  s in c e  ap p ro ach  to  e q u i l i b r iu m  i s  a lw ays accom panied  
by a d im in u t io n  o f  f r e e  en e rg y :  -
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Effect of interfacial tension on shape of bubbles of vaj
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As a  r e s u l t  o f  th e  i^idency to  c o n t r a c t ,  a  s u r f a c e  
"behaves a s  i f  i t  were i n  a  s t a t e  o f  t e n s i o n .  T h is  t e n s i o n  
o r  f o r c e  i s  u n ifo rm  o v e r  th e  whole s u r f a c e  and i t s  m ag n itu d e  
injdynes a c t i n g  a t  r i g h t  a n g le s  to  any l i n e  o f  1 cm. lenglfeli 
i n  t h e  s u r f a c e  i s  c a l l e d  S u r fa c e  T e n s io n .  To e x te n d  such  a 
s u r f a c e  u n d e r  t e n s i o n  r e q u i r e s  e n e rg y .  The work done in  
e x te n d in g  th e  a r e a  o f  t h e  s u r f a c e  "by 1 sq .cm . i s  e q u a l  to  t h e  
s u r f a c e  t e n s d o n ,  which i s  th e  f o r c e  p e r  cm. o p p o s in g  th e  i n ­
c r e a s e ,  m u l t i p l i e d  "by 1 cm ., t h e  d i s t a n c e  th ro u g h  w hich  th e  
p o i n t  o f  a p p l i c a t i o n  o f  th e  f o r c e  i s  moved. I t  f o l l o w s ,  
t h e r e f o r e ,  t h a t  th e  s u r f a c e  energ y  i n  e r g s /c m .s  i s  n u m e r i c a l ly
e q u a l  to  t h e  s u r f a c e  t e n s i o n  i n  d y n es /cm . B oth  s u r f a c e  t e n -
-2s io n  and s u r f a c e  energy  have  th e  same u n i t s ,  v i z . ,  m l t  , 
and so th e  q u a n t i t i e s  a r e  m a th e m a t i c a l ly  i d e n t i c a l .  The sym­
b o l  "o'" w i l l  h e  u se d  to  d e n o te  e i t h e r  o f  them .
T h is  t e n s io n  i n  th e  s u r f a c e  i s  d e p en d e n t  on t h e  
n a t u r e  o f  t h e  two s u b s ta n c e s  i n  c o n t a c t .  C o n s id e r  th e  c a se  
o f  a  v ap o u r  b u b b le  i n  a  l i q u i d ,  i n  c o n t a c t  w i th  t h e  s o l i d  
s u r f a c e .  ( F i g . 0 . 5 ) ,  h a v in g  a  C o n tac t  A n g le .  ©.
F or e q u i l i b r i u m ,  th e  f o r c e s  t h a t  come i n to  e x i s t ­
ence m ust b a l a n c e .
•
. . o" — cr ■%” o* co s  © . . .  . . .  ( o » 4 )
sv  l v  I s
I f  an im ag in ary  c y l i n d e r  o f  u n i t  c n B s - s e c t io n  i s  
r u p t u r e d  to  p ro d u ce  two u n i t  l i q u i d - v a p o u r  s u r f a c e s ,  t h e
work don e , c a l l e d  t h e  Work o f  C o h es io n ,
W * 2cr 
1 l v
«.« ( Q •5)  •
I f  t h e  p r o c e s s  in v o lv e s  fo rm in g  a v ap o u r  p h a se  on 
an  a l r e a d y  e x i s t i n g  s o l i d - l i q u i d  i n t e r f a c e ,  two new s u r f a c e s  
a r e  form ed w h i le  th e  t h i r d  d i s a p p e a r s ,  t h e  p r o c e s s  r e q u i r i n g  
t h e  Work o f  A dh es ion  which i s  g iv e n  by
W * cr -v- (<r -  cr ) . . .  . , . ( 0 . 6 )  [ Dupre Equnl]
I s  l v  sv  I s
w h e re ,  (or -  dr ) i s  c a l l e d  th e  A dhesion  F re e  E n e rg y , 
sv  I s
From ( 0 .4 )  and ( 0 .6 ) ,
W = cr (1  +  cos 9 ) 
I s  l v
OTf
cos 0  *
W - . 
I s  
cr 
l v
-  1
. . .  ( 0 . 7 )  
. . .  (0 . 8 )
. .  From ( 0 . 5 )  and ( 0 . 8 ) ,
dos 9 _ I s
-  1 . . .  . . .  ( 0 . 9 )
Showing t h a t  t h e  c o n ta c t  a n g le ,  9 ,  depends upon th e  r e l a ­
t i v e  v a lu e s  o f  th e  Work o f  A dhes io n  and th e  Work o f  C ohesion  
o f  th e  l i q u i d ,  i . e . ,  upon th e  r e l a t i v e  a t t r a c t i o n  o f  t h e  s o ­
l i d  and l i q u i d ,  and b e tw een  th e  m o le c u le s  o f  th e  l i q u i d  i t ­
s e l f .
W e ttin g  o f  a  s o l i d  by a l i q u i d  ( See F i g . 0 . 5 a )  i s ,  
t h e r e f o r e ,  th e  r e s u l t  o f  a  r e l a t i v e l y  h ig h  d e g re e  o f  a t t r a c ­
t i o n  be tw een  th e  m o le c u le s  o f  th e  i o l i d  and th e  l i q u i d  (9 < 90°)
C0.1)
and  h a s  now b e en  r e c o g n is e d  a s  an im p o r ta n t  f a c t o r  in  h e a t  
t r a n s f e r .  I f  th e  A dhesion  F re e  E nergy  i s  a  m easu re  o f  w e t­
t a b i l i t y ,  a  n e g a t iv e  v a lu e  w ould b e  c a l l e d  in  c o n t r a s t ,  th e  
"R e p u ls io n  F re e  E n erg y " , c o r re s p o n d in g  to  ©>90°•
T o ta l  E nergy  o f  a  l b .  o f  a  m ix tu re  o f  v a p o u r  b u b b le s  
& L iq u id  : -  'When two p h a se s  o f  a  s u b s ta n c e  e x i s t  t o g e t h e r ,  
th e  i n t e r f a c i a l  e n erg y  i s  g iv e n  by
a r e a  A i s  e x te n d e d ; 0* i s  th e  p o t e n t i a l  e n erg y  o r  s u r f a c e  t e n
,  io v .
T i'Sr ) i s  th e  l a t e n t  h e a t  r e q u i r e d  to  m a in ta in  th e  tem p, whetu
s io n .  T h is  i n t e r f a c i a l  en erg y  i s  n e g l i g i b l e  when th e  s u r ­
f a c e  i s  p la n e .  B ut in  th e  c a se  o f  a  m ix tu re  o f  v ap o u r b u b ­
b l e s  and l i q u i d  i t  i s  c o n s id e r a b le .  In  such  a  c a se  th e  i n ­
t e r f a c i a l  a r e a ,  A, would be  [A ir^ r ja n d  volum e V would
n  b e in g  th e  num ber o f  e q u a i s i z e  b u b b le s ,  and b i  th e  r a d i u s .
VThe w e ig h t x "x" o f  v ap o u r w ould b e - ^ r ,  w here v i s  th e  s p .
vo lum e. The t o t a l  i n t e r f a c i a l  en erg y  w ou ld , th e n ,  be
‘U'vnfc
ACcr- 'r T r ' )  a ( o - - T |f ) - u -
( 0 . 1 1 )
Q?he t o t a l  en erg y  o f  a  l b .  o f  such  a  m ix tu re  w ould
be g iv e n  by f  5
u .t  -  l u j  + + f \ 0 - T - ^ )
c ^ )
w here x  and y a r e  v a p o u r & l i q u i d  f r a c t i o n s ,  and
U't =■ t o t a l  i n t e r n a l  e n erg y  o f  a  l b .  o f  m ix tu r e ,  
a 3 = i n t e r n a l  e n erg y  o f  s a t u r a t e d  v ap o u r /  l b .
-  i, l( * s a t u r a t e d  l i q u i d  /  l b .
S in ce  x+y -  1 }
'H  = -+ c ' - ’y y -*  +  A ( <r-T T r )
Or
/ Ut  -  U.^  + » - (u 3- ^ )  + A (cr -
= ^  +  l U 1 l +  ( o - U )
w h e re ,
^ 3  = ^ 3 ' ^
» i n t e r n a l  l a t e n t  h e a t  p e r  l b .
S in c e  *11 b u b b le s  have  b e a n  assum ed e q u a l s i z e ,  from  ( 0 .1 1 )
and  ( 0 .1 2  )f we g e t
 ^
w hich i n d i c a t e s  t h a t  ih e  l a t e n t  h e a t  r e q u i r e d  wouldJ^e in c r e a s e d  
by  th e  i n t e r f a c i a l  e n e rg y , o f  w hich x (v o ^ r )  i s  th e jf re e  s u r f a c e  
energy*  Knowing <T, v  and  r ,  t h i s  c o u ld  be  c a l c u l a t e d ,  ^he 
s p e c i f i c  volum e o f  v a p o u r to  u se  w ould n o t  b e  th e  s p e c i f i c  volum e 
o f  th e  v a p o u r a s  l i s t e d  i n  t a b l e s ,  w hich  i s  f o r  b u b b le s  o f  i n ­
f i n i t e  r a d i u s ,  b u t  r a t h e r  t h a t  vapoui? a t  th e  p r e s s u r e  w i th in  
th e  b u b b le w h ic h , f o r  sm a ll  b u b b le s ,  a c c o rd in g  to  th e  c a p i l l a r y  
th e o ry  ( s e e  eqn . 0 .2  ) w ould b e  v e ry  h ig h .  The d e n s i ty  o f  
such  b u b b le s  would a p p ro ach  t h a t  o f  th e  l i q u i d .
This*' m ix tu re  c o n s !d e re d  h e re  would r e p r e  s e n t , an  
u n s t a b le  s t a t e  w h ic h , i n  th e  a b s e n c e  cgdm^ s t a b i l i s i n g  
r e s t r a i n t ,  w ould change ' by  b u b b le  c o a le s c e n c e  to  a  m ore s t a b l e  
s t a t e  p o s s e s s in g  s m a lle r  i n t e r f a c e ,  th e  n e a r e s t  a p p ro a c h  t o  
th e  p la n e  s u r f a c e ,  The i n t e r f a c i a l  erfergy  w ould b e  re d u c e d  
t o  a  minimum v a lu e  and  t h i s  e n e rg y  r e l e a s e d  w ould e f f e c t  
' f u r t h e r  v a p o r is a t io n *
EBULLA10HS1 -  * ' . ■ " ?
V a r io u s  s o l i d s  l i k e  g l a s s  b e a d s ,  p o ro u s  p c re u -s  
p o r c e l a i n ,  g la s s -w o o l ,  e t c . ,  w hich a r e  g e n e r a l ly  u se d  f o r  * 
o b ta in in g  sm ooth b o i l i n g  w ith o u t  c o n s id e r a b le  s u p e r h e a t in g  
a r e  c a l l e d  eb u l l a t o r s . I t  i s  p ro b a b le  th e y  m ig h t b e  a c t i n g  
by  m o d ify in g  th ^ s e  eneihgy i r e l a t i a n s b i p s  t h a t  c an e  i n t o  p la y  
when:interfaeCS'«ev'cr§atedfc?l . l - r  - >  •• -.p. J
L a r s o n ^  a t te m p te d  t o - e x p l a i n  th e  r o l e  o f  e b u l l a t o r s  
b y  c o r r e l a t i n g  t h e  a d h e s io n  f r e e  e n e rg y  o f  v a r io u s  s u r f a c e -  , 
- l i q u i d s  c o m b in a tio n s tw ith  th e  e a se  o f  b u b b le  f o r m a t io n .’ A t 
any  p a r  t i c u l a r  s tam p er& tu re  w hich a lo n e  "governs th e  m ag n itu d e  - r  
o f  s u r f a c e • t e h s io h  b f  "'liquids*-''. 2o j^  r e p r e s e n t s  th e  f r e e  i n t e r *  
f a c i a l  en e rg y  t h a t 'm u s t  b e  a v a i l a b l e  i f  b o i l i n g  o r  e q u i l i b r i ­
um i s  t o  ocdUr• .Whenjadaaftk te  m easu rem en ts o f  o; a r e  madel v
a  g l a s s  c a p i l l a r y  o f  s u f f i c i e n t l y  sm a ll  s i z e  i s  u s e d  and  © 
i s  assum ed e q u a l " to  z e ro . 3 The c a p i l l a r y  r i s e  ( th e  i n c r e a s e  
In  p o t e n t i a l  e n e rg y  } c o rre s p o n d s  to  th e  work o f  s e p a r a t io n .
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Now v a lu e s  o f  o^v a r e  e i t h e r  known o r  can  h e  e x p e r im e n ta l ly  
d e te rm in e d  and h en ce  th e  maximum e n e rg y  o f  th e  i n t e r f a c e  when 
0 = 0 ,  c o u ld  h e  c a l c u l a t e d .  An e h u l l a t o r ,  h o w ev er, i s  sup ­
p o se d  to  su p p ly  a l l  o r  a  p a r t  o f  t h i s  e n e rg y , d e p en d in g  on
0 . S in c e  2crl v  i s  th e  en e rg y  r e q u i r e d  in  th e  a b se n c e  o f  th e  
e h u l l a t o r  o r even  in  th e  p re s e n c e  o f  one w ith  a c o n ta n c t  a n g le  
© ss 0 ,  th e  en e rg y  s u p p l ie d  by  th e  e h u l l a t o r  w ould h e  e q u a l
t o d ° i v ~  (® sv- ° i s ^  3114 311 e n e rs y  e 4u a l  t o  [crl v + ( c r ^ -  al s ) J
w ould have  to  h e  s u p p l ie d  in  th e  form  o f  s u p e rh e a t .
By f in d in g  th e  d e g re e s  o f  s u p e rh e a t  b o th  in  t h e  ab ­
se n ce  and in  thgre p re s e n c e  o f  th e  e h u l l a to r *  th e  e n e r g ie s  o f 
f r e e  s u r f a c e  fo rm a tio n  f o r  th e  two c a s e s  c o u ld  h e  fo u n d  from  
a  know ledge o f  o^v a t  th e  two te m p e r a tu re s .  % e  d i f f e r e n c e  
i n  tbcB  two v a lu e s  o f  crl v  w ould c o rre sp o n d  t o  [ c r ^ -  (crsv -  <ru )] 
s u p p l ie d  by  th e  s o l i d .  I f ,  f o r  ex am p le , © = 9 0 ° ,  th e  a d h e s io n  
f r e e  en e rg y  w ould h e  z e ro  and b o i l i n g  sh o u ld  b e g in  im m e d ia te ly  
on h e a t in g  th e  s a t u r a t e d  l i q u i d  a t  c o n s ta n t  p r e s s u r e .  W orking 
on t h i s  b a s i s ,  L a rso n  t e s t e d  a  l a r g e  number o f  s o l i d s  f o r  t h e i r  
a b i l i t y  to  a s s i s t  b o i l i n g .  P r e l im in a r y  t e s t s  w ith  w a te r  showed 
t h a t  e b u l l i t i o n  c o u ld  b e  c o r r e l a t e d  w ith  f l o a t a b i l i t y  and 
a p p r e c ia b le  d i f f e r e n c e s  i n  t h i s  p r o p e r ty  w ere n o te d . P h y s ic a l  
ro u g h n e s s  d id  n o t  a p p ea r to  b e  a  f a c t o r  n o r  d id  th e  p o ro u s  
n a tu r e  o f  th e  su b s ta n c e -  S i l i c a  g e l  becam e i n a c t i v e  a f t e r  
a d so rb e d  a i r  was d i s s i p a t e d .  S harp  p o i n t s  w ere n o t  n e c e s s r i l y  
n u c le i  in  a s  much a s  b ro k e n  g l a s s  o r  s i l i c a  sand  d id  n o t  pro*-
Ctf)
m ote b o i l in g #  ^ e s t s  w ere a l s o  made w ith  h y d ro c a rb o n  l i q u i d s .
In  g e n e r a l ,  s u b s ta n c e s  known t o  be  n o n -w e t te d  p ro v e d  t o  b e  
good e b u l l a t o r s -
i o  m easu re  t h e  e b u l l a t i n g  c h a r a c t e r i s t i c s  q u a n t i -  
t a t i v e l y ,  an a t te m p t  was made b y  L a rso n  t o  f i n d  th e  maximum 
amount o f  l i q u i d  s u p e rh e a t  w hich  each  s u b s ta n c e  w ould p e rm i t .  
The r e s u l t #  v a r i e d  from  112°F t o  288. 5 ° F , th e  no rm al b o i l i n g  
p o in t  o f  w a te r  b e in g  211°F. A number o f  t e s t s  w ere c o n d u c te d  
w ith o u t  an  e h u l l a t o r  o th e r  th a n  th e  g la sc  a p p a ra tu s  i t s e l f .
T hese  gave a  s c a t t e r i n g  o f  t e s t  r e s u l t s  v a ry in g  from  24§°F 
t o  2 8 8 .5°F . T em p era tu re  m easu rem en ts w ere n o t  p r e c i s e .
T om linson  ( c i t e d  by  R e f .32) a l s o  showed t h a t  sh a rp  
ed g es and p o i n t s  do n o t  p rom ote  b a b b le  fo rm a t io n  a s  commonly 
h e ld .  D orsey  (P hys. R e v . , 5 5 ,  5 9 4 ,1 9 3 9 ) p o in te d  o u t t h a t  ed g es  
and p o in t s  w hich w ere w e tte d  by  w a te r  c o u ld  n o t  a c t  a s  b u b b le  
n u c l e i .  Dean and  h i s  cO -w orkers c o n firm e d  t h i s  c o n c lu s io n  
w h ereas O a sse l c o n s id e r s  s u r f a c e  ro u g h n e s s  so  im p o r ta n t .
L a rso n  came to  th e  c o n c lu s io n  t h a t  e b u l l i t i o n  d o es 
depend on th e  p re s e n c e  o f  an e b u l l a t o r  whose p r o p e r ty  assum ed 
t o  b e  th e  a d h e s io n  f r e e  e n e rg y , d e te rm in e s  th e  am ount o f  s u p e r ­
h e a t  t o l e r a t e d .  S in c e  th e  minimum te m p e ra tu re s  f o r  v a r io u s  
s u b s ta n c e s  to  i n i t i a t e  a  b u b b le  i n  w a te r  w ere som etim es a s  
low  a s  112°F , i t  seem s p ro b a b le  t h a t  a d so rb e d  g a s e s  and 
th o s e  p ro d u eed  c h e m ic a lly  m ust have  v i t i a t e d  r e s u l t s ,  ^he  
fo rm a t io n  o f  b u b b le s  be low  th e  no rm al b o i l i n g  p o in t  g oes
a g a in s j  the . c a p i l l a r y  th e o ry .;  , , r:  ^ ~
The 'b eh av io u r o f  w e t t in g  a g en ts- m ig h t n l s o b e  
e x p la in e d  by  t h e i r  a b i l i t y  to  m o d ify  i n t e r f a c i a l  t e n s io n s ?  
r e s u l t i n g  in  th e  lo w e rin g  o f  th e  a d h e s io n  f r e e  e n e rg y .
To e x p la in  b u b b le  fo rm a t io n  i n  th e  a b se n c e  o f  an
e b u l l a t o r , D d rin g  ( c i t e d  by  S e f s . 27 & 3 2 ) c o n s id e r s  th e  
grow th  o f  m in u te  s p h e r i c a l  b u b b le s  c o n ta in in g  1# 2 ,  3» >
n ,  vap o u r m o le c u le s > fn ! b e in g  th e  c r i t i c a l  s i z e  above 
w hich  a lo n e  th e s e  i n i t i a l  b u b b l e s a r e  s t a b le -  ^ h e  num ber » 
o f  such  b u b b le s  a s  s u rv iv e  above t h i s  c r i t i c a l  & ize V a r ie s  
s h a r p ly  w ith  te m p e ra tu re .  C a lc u la t io n s  b a se d  on t h i s
th e o ry  show t h a t va b  .142°C e th e r  may g iv e  1 b u b b le  p e r  s e c .
o 5b u t  a t  143 C i t  w j J l ^ g iv e siLO , b u b b le s  p e r  sec*  * show ing  t h a t
a t  t h i s  te m p e ra tu re ,. th e  l i q u i d  j i s  :vb£y .u n s ta b le *  ^ l i i s  r e s u l t
-  ’ f ;
28a g re e s  w ith  th e  ex p erim ,e^ ts  o f  Wismer e t  a l  who fo u n d  t h a t  
w a te r  s a t u r a t e d  w ith  PPg, o r 0^  a t  14 -  30 a tm o sp h e re s  and  
su d d e n ly  decom pressed  to  1 a tm o s. showed no im m ed ia te  b u b b le  
f o r m a t io n , and  b u b b le  fo rm a t io n  o c c u r r e d ! a f t e r  a  few  se c o n d s  
o n ly  when th e  te m p e ra tu re  was r a i s e d  to  a b o u t 7Q°Q* W ith 
Ng , u n d e r  m ore th a n  10Q atmos*. 9 on d e co m p ress io n  9 b u b b le s  
fo rm ed  o n ly  o n j th e  s u r f a c e * . T hese  e x p e r im e n ts  s t r o n g ly  
s u p p o r t . th e  v i e w . th a t  o n ly  a t  v e ry  h ig h  p r e s s u r e s  i s  tfee 
sp o n ta n e o u s  fo rm a t io n  o f  b u b b le s  p o s s i b l e . .
V a r io u s  a t te m p ts  h ave  b e e n  m ade to  a s c e r t a i n  th e
(57)
maximum te m p e ra tu re  to  w hich a  p u re  l i q u i d  may b e  h e a te d  
w ith o u t  c a u s in g  i t  to  "boil10'* 289 29 • B g g le to n  and  K erm ack^ 
g iv e  a  t a b l e  o f  th e  h ig h e s t  te m p e ra tu re  and th e  c o r re s p o n d ­
in g  vap o u r p r e s s u r e  ksfcstEE m a in ta in e d  f o r  5 se co n d s  w ith  
a number o f l i q u i d s  "before "b o ilin g  commenced.
The phenomenon o f  l i q u i d s  e x i s t i n g  u n b ro k en  u n d e r  
n e g a t iv e  p r e s s u r e  h a s  "been d e m o n s tra te d . J .  M eyer ( c i t e d  
"by R e fs . 1 0 ,2 7  & 32) fo und  t h a t  th e  "break ing  t e n s io n  o f  
e th y l  e th e r  a t  room te m p e ra tu re  was a t  l e a s t  72 a tm o sp h e re s . 
D ixon [  P ro c .R o y .S o c . ,D u b lin , NS 1 4 , 229 (1914)] c o o le d  
w a te r  in  a s e a le d  tu b e , ‘Ih e  l i q u i d  d id  n o t  b r e a k  away from  
th e  w a l ls  u n t i l  p r e s s u r e  i n s i d e  th e  tu b e  was m inds 150 a tm o s.
W ith th e  hel|> o f  th e  hbolpe th e o ry  © bring ' gave 
th e  t e i i s i l e  s t r e n g th  o f  e th e r  a t  20°G a s  352 atmos* * f a r  
h ig h e r  th a n  t h a t  re a c h e d  by  M eyer e x p e r im e n ta l ly .  5?his 
m ig h t have  b e en  due to  im p e r f e c t io n s  in  th e  e x p e r im e n ts  
Of t h e  I h t t e r .
'A  seco n d  th e o ry  h a s  b e e n  f<#m8tl£ tted  b y  F u r th  ( 
P ro c .C am .l* h il. Soc. , 37 , 2 5 2 -2 7 6 , 1941) in  th e  c o u rs e  o f  a  
g e n e ra l  th e o ry  o f  th e  l i q u i d  s t a t e .  &n o r d in a r y  g as i s  
v e ry  l a r g e l y  ah empty sp a ce  w ith  h e re  and  t h e r e  a m o le c u le .
A l i q u i d  c o n s i s t s ; df- f a i r l y  d e n s e ly  crow ded m o le c t t le s ,  w ith  
h e^e  hnd th e r e  an em pty s p a c e , o r ,  ’h o le * . P i i r th  co n cen ­
t r a t e s "  a t t e n t i o n  on th e  h o le s  in  th e  l i q u i d  r a t h e r  th a n  on
(*8)
th e  l i q u i d  i ts e l f*  and t h i s  m akes p o s s ib l e  a  s t a t i s t i c a l  
th e o ry  o f  l i q u i d s  r a t h e r  s i m i l a r  t o  th e  o r d in a r y  s t a t i s t i ­
c a l  th e o ry  o f  gases*  ®he h o le s ?  w hich a r e  c o n s id e re d  to  he  
s p h e r ic a l?  a r e  o f  a l l  p o s s ib l e  s i z e s  h u t  th e  m a jo r i t y  a r e  
in  th e  n e ig h b o u rh o o d  o f  th e  a v e ra g e  s i z e .  I t  t u r n s  o u t 
t h a t  when th e  te m p e ra tu re  i s  s u f f i c i e n t l y  lo w , th e  c u rv e  
w hich r e p r e s e n t s  th e  f re q u e n c y  d i s t r i b u t i o n  o f  h o le s  a s  a 
f u n c t io n  o f th e  r a d iu s  o f  th e  h o le ?  r i s e s  to  a maximum, 
th e n  f a l l s  to  a minimum, w hich  amy b e  n e a r ly  z e r o ,  and  
th e n  r i s e s  a g a in . ‘ r^ he e x is te n c e  o f  t h i s  minimum i s  i n t e r ­
p r e t e d  t o  mean t h a t  a  grow ing  h o le  h a s  v e ry  l i t t l *  chance  
o f  r e a c h in g  th e  f i n a l  r i s i n g  p a r t  o f  th e  c u rv e ,  i . e . ,  o f 
d e v e lo p in g  i n t o  a  l a r g e ?  v i s i b l e ?  v ap o u r b u b b le .  When, 
how ever? th e  te m p e ra tu re  i s  r a i s e d  so t h a t  th e  v ap o u r 
p r e s s u r e  i s  s u f f i c i e n t l y  h ig h ?  th e n  th e  minimum in  th e  
c u rv e  d is a p p e a r s  and  th e  c u rv e  now r i s e s  c o n t in u o u s ly .  The 
l i q u i d  i s  th e n  £n a  s t a t e  o f  co m p le te  i n s t a b i l i t y ,  and  th e  
te m p e ra tu re  a t  w hich th e  minimum d is a p p e a r s  i s  ta k e n  a s  
th e  maximum te m p e ra tu re  o f  s u p e rh e a t in g .  % e  minimum a l s o  
d is a p p e a r s  i f ^ i h e  e x te r n a l  p r e s s u r e  i s  re d u c e d  o r  made 
s u f f i c i e n t l y  h ig h  i n  th e  n e g a t iv e  s e n s e , ^he s m a l le s t  
n e g a t iv e  p r e s s u r e pf # r  w hich th e  c u rv e  h a s  no minimun^ i s  
r e g a rd e d  a s  a  m easu re  o f  th e  maximum t e n s i l e  s t r e n g th  o f  
th e  l i q u i d .
F u r th  a l s o  a p p l i e s  h i s  th e o ry  to  e x p la in  th e  p h e n o -
mena c o n n e c te d  w ith  th e  e sca p e  o f  a  ,gas f ro m .a  s u p e r s a tu ­
r a t e d  s o l u t i o n ,  in  th e  form  o f  b u b b les*  He c o n s i d e r s  .only 
c a s e s  i n  w hich th e  v ig o u r  p r e s s u r e  o f  th e  l i q u i d  i s . , s o  low  
t h a t  i t  can b e  n e g le c te d  i n  com p ariso n  w ith  th e  g as  p r e s s u r e .  
I f  th e  d e g re e  o f  s u p e r s a tu r a t io n  i s  c o n s i d e r a b le , th e  sm a ll 
q u a n t i t y  o f  gas w hich e sc a p e s  from  th e  sy stem  b e f o r e  th e  
b u b b le  r e a c h e s  i t s  c r i t i c a l . p o i n t  w i l l  n o t  much d e c re a s e  
th e  c o n c e n tr a t io n  o f  th e  d i s s o lv e d  g a s ,  w hich c a n , t h e r e ­
f o r e ,b e  re g a rd e d  a s  c o n s ta n t .  th e o ry  th e n  r e q u i r e s
l i t t l e  change to  g iv e  th e  f is tfc E  e x te r n a l  p r e s s u r e  , posi** 
t i v e ,  o r i f  n e c e s s a r y ,  n e g a t iv e ,  a t  w hich  a  f i n i t e  b u b b le  
w i l l  fo rm ; i t  i s  o n ly  n e c e s s a ry  to  r e p l a c e  th e  v ap o u r p r e s ­
s u re  byo th e  p r e s s u r e  o f  g a s  in  e q u i l ib r iu m  w ith  th e  d i s ­
s o lv e d  gas*
cro
Dean was abl.e t o  i n a c t i v a t e  n u c l e i  by  s u i t a b l e  
t r e a tm e n t  and e x p e rim e n ted  on a  l a r g e  number o f  s u b s ta n c e s  
d i f f e r i n g  w id e ly  in  t h e i r  p h y s ic a l  and  c h e m ic a l c h a r a c t e r ­
i s t i c s *  When th e  n u c le i  became^ .in a ^ fe !^  ^ b a b b l e  c o u ld  b e  
i n i t i a t e d  by  m e c h a n ic a l .shock* H a tc h e r  and  Sage ( In d .
Eng. Chem. , § £ , 4 4 3 , 1941 ) showed t h a t  tu r b u le n c e  re d u c e d  
su p e r  s a t u r a t  io n  in  h y d ro c a rb o n  m ix tu r  e s  and  su g g e s  t e d  t h a t  
l o c a l i s e d  r e g io n s  o f  lo j r  p r e e s u c o | |  a s s o c i a t e d  w ith , v o r t i c e s  , 
w hich  a r e  w id e sp re a d  i n  t u r b u le n t  m o tio n , a r e  c o n d u c iv e  
to  th e  fo rm a tio n  o f  sm a ll b u b b le s .  %o e x p la in  b u b b le  form ­
a t i o n  by  m e c h an ica l sh o c k , t u r b u le n t  m o tio n , and  u l t r a s o n i c
(30)
w avesr . a c t i ve  n u c le i  ( w hich  a c c o rd in g  to  Dean 
a re  i n v a r i a b ly  s u p p l ie d  b y  a d so rb e d  a i r c r  g a s  ) had .becom e 
i n a c t i v e ,  Dean W xteaded t h i s  h y p o th e s is  and  s u g g e s te d  t h a t  
f r e e  v o r ta x :;  m o tio n  i s  p ro b a b ly  a lw ay s r e s p o n s ib l e  f o r  th e  
b u b b le  fo rm ed  when l i q u i d s  a r e  s u b je c te d  4& m e c h a n ic a l shock  
o r  d i s tu r b a n c e .  ' Assum ing a  s p h e r i c a l  b u b b le ,  th e  p r e s s u r e  
i n s id e  i t  a t  th e  G en tre  o f a  f r e e  V o rte x  i s  g iv e n  b y ,
P = ( - T a / 8 n 2r 2 ) + ■ & .................... ( 0 .1 5 ) .
w here
P = P re s s u re  d i f f e r e n c e  b e tw een  th e  p o in t  in
q u e s t io n  and th e  u n d is tu r b e d  l i q u i d ,  n e g l e c t ­
in g  h y d r o s t a t i c  p re s s u re *  
t  = C i r c u l a t i o n ;  
d = D e n s i ty  o f th e  l i q u i d ,  and 
r  = R a d iu s  v e c to r  o f  th e  p o in t  in  q u e s t io n .
I n  o rd ^ r  t h a t ,  t h e b u b b l e  may s u r v iv e ,  P m pst b e  l a r g e  enough 
t o  o v e rc o m e - to ta l  im posed  p r e s s u r e .
t h i s  i n t e r p r e t a t i o n  h a s  b e en  s u p p o r te d  q u a l i t a t iv e *  
l y  by  e x p e rim e n ts . A p r a c t i c a l  c o n c lu s io n  from  t h i s  th e o r y  
i s  th a t ,-b u b b le s  can  a lw ays b e  p ro d u ce d  by  a c t i v e  s t i r r i n g  
o r  by  tu r b u le n t  m o tio n  o f  th e  l i q u i d  -  a s  i n  v i o l e n t  co n -
< (31)
Q assel*  ^ T h e o r y :*-
- The v a p o u r p res^u n & , ^X n^ ^  a  donesve
l i q u i d  s u r f a c e  i s  s m a lle r  th a n  t h a t  o f  a  p la n e  s u r f a c e ,  p Q ,
o f  th e  same l i q u i d  a t  th e  same te m p e ra tu re  "by an amount
g iv e n  hy  E ^ h a tio n  ('' 0 .1  ) Which can  a l s o  h e  p u t  in  th e
fo l lo w in g  form
• P i n  =  p Q e x p  . . .  ( 0 . I 6 )
where- ' '■ ; ‘ ; "
■ m ' v
g  =; Mole volume p f  th e  l i q u i d .
The o n ly  m ean s, of. s a t i s f y i n g  |lq u ^ t io n s  (0 . Z) and  ,(CUX6 ),,
i s  hy  s u p e rh e a t in g  th e  l i q u i d  w ith  r e g a rd ,  to*-the^ e x te r n a l
v ap o u r phase* J^ie tjjm p e ra tu re  r e q u i r e d  can  h e  d e te rm in e d
i f  vap o u r j j r e s ^ u re  . t^ p e a ? ,a tu r  e s Is .h n o w n .
T h is  r e l a t i o n  i s  g iv e n  hy  th ,e  01 a u s iu s -C la p e y ro n  E q u a tio n
in tegrated  over a  reasonable temperature. r^ge.:*rWi. ~ . , ,
I,;l0 g  %  +  ' i T ( ^ 1 7 )
w here L » M ola l L a te n t  H eat o f  V a p o r is a t io n  and w here i t
-  o r  »r-"l 3- :P .
i s  assum ed t h a t  th e  i d e a l  g a s  law  h o ld s  f o r  th e  v a p o u r
p h a se . By e l im in a t in g  p Q,
. 2or , L. (t - t J  scat
" • * «  ‘  K x  '  - m - *  -  rRTD —  * ° -18)
.0. •" ■ ■ ,• a v. *v:5 O'. ; • ; .. ■ : •- , ■ •
^ l c t a s i>fepre'g:e i i t s : th e  e o r r e l a t i o r i  o f  t h e  te m p e ra tu re  o f  
tropenhefttlnfe- and th e  S iz e  o f  th e  b u b b le  in  e q u i l ib r iu m  w ith
( 3 iy
th e  l iq u id ,  a t  t h a t  te m p e ra tu re .  In  d e v e lo p in g  th e  exponen­
t i a l  and n e g le c t in g  a l l  "but th e  f i r s t  te rm , we may w r i t e ,  
a s  a second  a p p ro x im a tio n  :
* L 2<m  (0 .1 9 )
r p ex= ,HTT.0 ~ rRTD
Prom t h i s  th e  e x c e ss  te m p e ra tu re  n e c e s s a r y  f o r  th e  
e x is te n c e  o f  a  b u b b le  o f  r a d iu s  0 .0 0 1  cm. in  w a te r  "b o ilin g  
u n d e r a tm o sp h e r ic  p r e s s u r e  i s  0 . 32°C a n d , u n d e r  a  p r e s s u r e  
o f  10 a tm os. ( 200 T b s . /  sq . i n . ) a t  195°0  o n ly  a h o u t 0 .0 3 °C .
The Thomson te rm , 2oV rR TD , p la y s  o n ly  a m in o r 
r o l e  o f c o r r e c t io n  e x c e p t when r. a p p ro a c h e s  th e  d im e n s io n s  
o f  th e  w a te r  m olecu le*  , r _
- - T heaa  c o n s id e r a t i o n s  ,-re£er to  th e  e q u i l ib r iu m
o f  a  b u b b le  w i th in  a  s u p e r h e a te d ; 1  iq?aid- T h is  e q a i l i b r i u m , 
how ever, i s  u n s ta b le *  In  v iew  o f  M. v . Sm oluchow skif s ( Ann.
d. P h y s ik . , 2 5 w 2Q5.,7l908> ) work pn th e  k i n e t i c  theofcjr o f
m a t t e r ,  h e te ro p h a s e  f l u c t u a t i o n s  m ust "be e x p e c te d  w i th in  
th e  s a tu r a t e d  o t  s u p e rh e a te d  l i q u i d .  Such a  l i q u i d  h a s  to  
"be c o n s id e re d  ..as ..an e n v is io n  W ith in  w hich b u b b le s  o f  a l l  
s i z e s  a r e  d is p e r s e d  a c c o rd in g  to  a  s t a t i s t i c a l  d i s t r i b u t i o n .  
A cco rd in g  to  th e  la w s . o f  s t a t i s t i c a l  m e c h a n ic s , th e  number 
o f  b u b b le s  w ith  th e  c r i t i c a l  d ia m e te r  g iv e n  by  e q u a t io n  (0 .19)- 
a n d ,h a v in g  th e  g r e a t e s t  chance  o f  c o n t r i b u t i n g  to  th e  pheno­
menon q f, b o i l i n g  i s  g iv e n  by
B = G exp ( -W / kT) 
w here W i s  t h e 1a c t i v a t i o n  energy !
The fo l lo w in g  e x p re s s io n  g iv e s  t lie  r a t e  o f  n u c le u s  b u b b le  
fo rm a tio n  in  u n i t s / c c . / s e c ,
“ f t  “ "§* exp(- Vf/kS) • • •  — (Oi3O0
w hich  can  h e  checked  e x p e r im e n ta l ly ,  T h e ir lg  th e  mean l i f e  
tim e  o f  th e  n u c le u s  h u h h le .
E l im in a t in g  th e  r a d iu s  o f  th e  g lo b u la r  m ass by  
m eans o f  th e  e x p re s s io n  2cr  /  r  = p Q -  pgg ,
W = s S p ^ - ' ^ ' e P 2   ( ° ’ 21)
W ith r i s i n g  te m p e ra tu re  cr d e c r e a s e s  and th e  d en o m in a to r o f  
( 0 .2 1  ) i n c r e a s e s ,  sb t h a t ,  -the e x p o n e n t ia l  in  ( 0 . &0i) 
m ust b e  e x p e c te d  to  in c re a s e ^  r a p i d l y  w i th in  th e  n a rro w  tem p, 
ra n g e  w here th e  f a t e  o f  b u b b le  fo rm a t io n  becom es o b s e rv a b le .  
How a c c o rd in g :‘t b  '&ibbb
W = 2 V ( P^n “  Pe x ) * * * * * • (0*22)
w here V = n u c le u s  b u b b le  volum e.
The p r e s s u r e  d i f f e r e n c e ,  ( P i n “ Pe x ) > b e in g  f i x e d  
by  th e  o p e r a t in g  c o n d i t i o n s , ( T and  p ) , d e te rm in e s  th e  r:vA
r a d iu s  o f  th e  c r i t i c a l  b u b b le ,  no m a t te r  w hat th e  v a lu e  o f  
th e  c o n ta c t  a n g le . B ut th e  volum e o f  th e  P o s s ib le  b u b b le  
a t t a c h e d  to  th e  s o l i d  s u r f a c e  w i l l  be  th e  s m a lle r  a s  th e  
g r e a t e r  a  p a r t  o f  th e  f u l l  sp h e re  i s  c u t  o f f  by  th e  s o l i d
body . F o r i n s t a n c e ,  i f  th e  c o n ta c t  a n g le  i s  9 0 ° , th e  n u c le u s
C3Q
fo rm s a  h a l f  s p h e r e ,  r e q u i r i n g  o n ly  h a l f  th e  work g iv e n  "by 
( 0 .2 2  ) .  The l a r g e r  th e  c o n ta c t  a n j j le ,  th e  l a r g e r  i s  th e  
volum e o f  th e  h u b h le  su b te n d e d  by  th e  s o l i d .  When 0 =100°, 
W = 0 ,  i n d i c a t i n g  a  minimum o f  s u p e r h e a t in g  to  keep  th e  
w a te r  b o i l i n g .
T hese c o n s id e r a t io n s  a p p ly  t o  p e r f e c t l y  sm ooth , 
p la n e  s u r f a c e s .  N a tu ra l  o r a r t i f i c i a l  ro u g h n e ss  o f  h e a t in g
9
s u r f a c e s  may s u b s t a n t i a l l y  change c o n d i t io n s .  Jakob  h a s  
d e f i n i t e l y  e s t a b l i s h e d  t h a t  g r e a t e r  ro u g h n e ss  f a c i l i t a t e s  
e v a p o ra t io n  w ith  l e s s e r  mean te m p e ra tu re  o f  s u p e rh e a t in g .
T h is  ro u g h n e ss  m ig h t be  h e lp in g  by  p r o v id in g  a 
tfc o n ic a l  d ip ** o r a  ** c o n ic a l  t i p  ** w hich may b e  e f f e c t i v e  
in  re d u c in g  n u c le u s  b u b b le  volum e by  s u b te n d in g  a  p a r t  o f  
i t .  The su spended  p a r t i c l e s  t o  b e  a c t i v e  m ust b e  l a r g e  i n  
s i z e .  No e x p e r im e n ta l  s u p p o r t  was so u g h t to t  s u p p o r t  t h i s  
th e o ry .
L a r son*s Thermodynamic T heory  o f  B ubble  F o rm a tio n 1? -
The above d i s c u s s io n s  p o in t  o u t^ th a t  l i q u i d s  a r e  
l i k e l y  to  su p e rh e a t  u n le s s  a  l iq u id - v a p o u r  i n t e r f a c e  i s  
a l r e a d y  p r e s e n t  o r u n le s s  an  e b u l l a t o r  ( assum ed a s o l i d  ) 
i s  p r e s e n t ,  whose c o n ta c t  a n g le  i s  90° o r  m o re , o r whose 
a d h e s io n  f r e e  e n erg y  i s  z e ro  o r n e g a t iv e .  C o n ta c t  a n g le s  
a r e  d i f f i c u l t  b to  m ea su re ; fu r th e rm o re  s o l i d  s u r f a c e s  w i l l  
b e  h e te ro g e n e o u s  in  t h i s  r e s p e c t .
, .lb e n . b u b b le  fo rm a tio n  ip . a  su p e rh e a te d , l i q u i d  
o c c u rs  * t h e  t r a n s fo r m a tio n ,  fro m  t3 ^  s u p e rh e a te d  o r  th e  
m e ta s ta b le  s t a t e  to  a more s t a b l e  s t a t e  i s  r a t h e r  e x p lo s iv e  
and sp o n tan eo u s*  d u r in g  w hich an i n t e r f a c e  m u s t  b e  c r a t e d .
To a c c o m p lish  t h i s  change* i t  i s  p o s t u l a t e d  t h a t  th e  sy stem  
p a s s e s  th ro u g h  an in te r m e d ia te  m om entary u n s t a b le  s t a t e *  r. 
a  m ix tu re  o f l i q u i d  and sm a ll  b u b b le s*  from  w hich  i t  can  
p a s s  to  th e  f i n a l  e q u i l ib r iu m  m ix tu re  s t a t e  r e p r e s e n te d  by  
a  minimum p h a se  i n t e r f a c e .  T h is  w ould r e q u i r e  t h a t  th e  
e b u l l i t i o n  p ro c e s s  c o n s i s t  o f  t h r e e  s te p s
(1 ) s u p e rh e a t in g  o f  l i q u i d ,
( 2 ) t r a n s fo r m a t io n  w here th e  i n t e r f a c e  i s  c r e a t e d ,  
assum ed to  ta k e  p la c e  a d i a b a t i c a l l y  and
re v e # e ib ly *
. .  "  ' "  ^  'v '  *
(3 ) th e  d i s s i p a t i o n  o f  *She h ig h  i n t e r f a c i a l  e n e rg y  
and su b se q u e n t e x p a n s io n  a s  th e  b u b b le s  c o a le s c e  
an d .^q w * ; ,v
To acc o m p lish  t h i s t p r o q e s s  th e  sy stem  w i l l  p a s s  th ro u g h
:-5 s ta g e s< :-v, .
(l)» I n i t i a l  l i q u i d  a t  p r e s s u r e  p 0 ;\  ^
(£) ”• f ,tJ5. *.
(3) S u p e rh e a te d  w M tt 11
)1 0 i§ p e ^ e e d 'v a p o u r  b u b b le  m ix tu re  a r i s i n g  from  
s t a t e 1( 3 ) ,  and
The f i n a l  s t a b l e  e q u i l ib r iu m  m ix tu re  s t a t e .
S ta te  ( 3 ) i s  m e ta s ta b le  and (4 ) u n s t a b le  ( i t s  e n tro p y
assum ed to  b§  jtffia t'j£ f  3 ) .  The change (3 ; to  (4 ) in v o lv e s  
th e  fo rm a tio n  o f  a  new p h a se  a t  t h e  expense  o f  some o f  th e  
l i q u i d  p h a se .
^he f r e e  e n e rg y , ( u  -  Ts ), o f  ( 2 ) and  (5) ilk:; 
e q u a l ;  (3 ) and  (4) a r e  s t a t e s  o f  g r e a t e r  f r e e  e n e rg y  by  
amount u  -  Ts f o r  s t a t e  (3 ) and  by  *Acr  * f o r  ( 4 ) .
T h is  in c r e a s e  o f  f r e e  e n erg y  c o u ld  C r ig in a te  o n ly  from  th e  
same so u rc e  ; h e a t  a b so rb e d  i s  gh^ ; h en ce  th e y  a r e  assum ed 
eq u a l and e q u iv a le n t .  ( h  « e n th a lp y ;  s = e n tro p y  )# ;
4 > ‘ '■ ; * “ _
• ’ * 3  ^ u " Ts ^3 = A ° iv  = 2 x Soiv
I f  tn t b u b b le s  o f  r a d iu s  a r e  fo rm ed ,
( U -  T s ) ,
A = 4 IT  r 2n  = a
As a  f u r t h e r  c o n se q u e n c e , 2 C. Ts )„  w i l l  r e p r e s e n t  th e  l a t e n t  
h e a t  r e q u i r e d  f o r  v a p o r i s a t io n  i n  th e  form  o f  n  b u b b le s  
whose t o t a l  volum e V w ould n o t  depend upon, th e  s u r f a c e  e n e rg y  
b u t  r a t h e r  .on th e  b u lk  e n e rg y . J h u s :
* V g( T sh g '  « '  g(  Ts ),.▼
— - = 2 _ _ — 2 _  . T = ( 4 H  r «n ) / 3  = ^ ----- - — 5 —  ,
' V ,  Uf g  : -1 Uf g
i ^ e r e  u^g. is* th e  i n t e r n a l  b u lk  l a t e n t  h e a t  and  v  i s  lilie 
volum e p e r  l b .  o f  b u b b le s  a s  i n i t i a l l y  fo rm ed . D iv id in g  
volum e by a r e a  :
<30
n t f .  3  ( t s)3  ' vi C 1®-)*____________ ____________-—  ( o - t e )
>. . y - ^ w  *  ^  f «•-■ '< > »
a<rtl)
which g iv e s  th e  s i z e  o f  th e  n u c le u s  h u h h le  in  th e  a b sen c e  
o f an e h u l l a t o r .
W ith a s o l i d  e h u l l a t o r ,  th e  amount o f  s u p e r h e a t in g  
( and h en ce  th e  in c r e a s e  in  th e  f r e e  e n erg y  ) w ould h e  g o v e rn ­
ed hy th e  a d h e s io n  f r e e  e n e rg y , ( cr -  cr. ) .  In  th e  above
SV JL S
e x p re s s io n  ( 0 . 23)V  2o^v w ould he  r e p la c e d  h y  £ cr^v + ( crsV“
Oj J l  > g iv in g  ^
O. - v  Q tv -* - ix>~ . . .  . . .  <p-7.lt)
h* s  — ~---------g, ( u - - i s J a  **#9
T h is  assum es t h a t  th e  a d h e s io n  f r e e  en e rg y  i s  known o r  d o u ld
he e s t im a te d .  A ls o , th e  a d h e s io n  l a t e n t  h e a t  o r th e  h e a t  
o f w e ttin g ^ w o u ld  have  to  he. c o n s id e re d  a s  m o d ify in g  .
A lso , i f  a  d i s s o lv e d  gas w ere to  a c t  a s  an e h u l l a t o r ,  th e  
l a t e n t  h e a t  o f  s o lu t io n  w ould have  to  h e  c o n s id e re d  a s  w e l l .
The added h u lk  e n e rg y , u  -  Ts )^> c o rre s p o n d s
to  th e  a d h e s io n  f r e e  e n e rg y , ( ° l s ^  , 811(1 f o r  sma11
v a lu e s  i s  p r o p o r t io n a l  to  th e  i n t e r n a l  e n e rg y , 
e s t im a t io n  I s  made a s  fo l lo w s
f ®sv" ° i s V = °lV X 'Su | g '* *  (°* 25)
U sing  th e  a b s o lu te  v a lu e s  o f  th e  e n tro p y  in  th e  
c a l c u la t io n s *  th e  v a lu e  o f  r  a 0 .2 8  x  10**9f t .  a t  260°P
a n d > = 0 .4 8 5  x 10~9f t .  a t  717°F (
C r i t i c a l  T em p .), 
th e  p r e s s u r e  h e in g  1 4 .7  l h s / s q .  i n . # in  h o th  th e  c a s e s .
(3*3,
£ h is  s u g g e s ts  t h a t  th e  n u c le u s , h u h h le  . c o n s i s t s o f  
one m o le c u le . T hen , th e  t o t a l  i n t e r f a c i a l  e n e rg y  o f  a  l b .  
o f s in g le  m o le c u le  h u b b ie s  ( t h e  l i m i t i n g  c a se  ) I s  g iv e n  by
5 fo ^ -  v
2U3 “  2^ U ~ T s^3 + 2 ^  3 * ~ — — “ — — —  (0*26)- r
T h is  s u g g e s ts  t h a t  t h e  i n t e r n a l  l a t e n t  he& t c o u ld  h e  c a l -
c u ia te d  from  3 ( c r _ T j | ) . v  ~
Uf g = ----------------- — . . .  . . .  (0 .2 7 )
U sing  i n t e r f a c i a l  en e rg y  from , L s n d o l t - B o r n s te in  d a ta - a t  212 F ,
uf  = 920 B. T h .U /lb . U sing  th e  t a b u la t e d  v a lu e  8 9 7 .5  B. Th.U
-9p e r  l h . , th e  c o rre s p o n d in g  v a lu e  o f  r  w ould h e  0 .5 1 2  x  10 
f t .
t ’hu s t h i s  th e o ry  l e a d s  to  th e  c o n c lu s io n  t h a t  th e  
n u c le u s  h u h h le  i s  o f m o le c u la r  d im en sio n  and t h a t  c a p i l l a r i t y  
o r s u r f a c e  t e n s io n  may h e  a p r o p e r ty  o f  th e  m o le c u le . T h is  
i s  c o n tr a ry  t o  th e  a c c e p te d  th e o ry  o f  e a p i l l a r l t y .  $ h i s
-i.
th e o ry  was d e v e lo p ed  to  in c lu d e  th e  c a se  o f  c o n d e b s a t io n  
o f  a  s u p e r s a tu r a te d  v ap o u r and , t h e r e  a g a i n > i t  l e d  to  th e  
c o n c lu s io n  t h a t  th e  n u c le u s  d rop  m ust h e  a  s in g l e  m o le c u le . 
L arso n  c i t e d  many in s t a n c e s  w hich le n d  s u p p o r t  to  h i s  th e o r y -  
e s p e c i a l l y  th e  b e h a v io u r  o f  c a t a l y s t s .  The e h u l l a t o r  may 
h e  lo o k ed  upon a s  a  c a t a l y s t  whose r o l e  i s  to  su p p ly  e i t h e r  
a p o r t io n  o r a l l  o f  th e  f r e e  e n e rg y  r e q u i r e d  f o r  th e  t r a n s ­
fo rm a tio n  to  o ccu r i n  th e  i n i t i a l  s t e p .  M ost s o l i d  s u r f a c e s
a re  co m p o site  o f  v a r io u s  f a c e s , edges?  and c o rn e r s  o f  c r y s t a l s  
o r b ro k en  c r y s t a l s ,  ^hus i t  i s  n a t u r a l  to  assum e t h a t  a  
p ro p e r ty  such  a s  c o n ta c t  a n g le  w ould n o t  b e  s e n s i t i v e  to  
th e  v a r i a t i o n s  o f  a d h e s io n  f r e e  e n e rg y  t h a t  may a c t u a l l y  s  
e x i s t .  T h is  a s su m p tio n , c o u p le d  w ith  ro u g h n e ss  o r c u rv a ­
tu r e s  o f m o le c u la r  o r u n i t  c r y s t a l  m a g n itu d e , may e x p la in  
why b u b b le s  form  a t  p a r t i c u l a r  s p o ts  on a  s o l i d .  ‘ilh.ep e i s  
p ro b a b ly  a l s o  re a s o n  to  b e l i e v e  t h a t  a  b u b b le  w i l l  p r e f e r e n ­
t i a l l y  form  in  a  c a v i ty  o f  m o le c u la r  m a g n itu d e , p ro v id e d  
th e  a d h e s io n  t e n s io n  th e r e  i s  a  minimum o r n e g a t iv e .
PART I I .
FOAMING- IN BOILERS AHD FOAM INHIBITION.
S u b s ta n c e s  in  s o lu t io n  in  w a te r  have  a  m arked i n ­
f lu e n c e  on th e  o r i g i n  and developem en t o f  b u b b le s .  W e ttin g  
a g e n ts  lo w e r th e  s u r f a c e  te n s io n  and a id  in  th e  fo rm a t io n  
o f  s m a lle r  b u b b le s  w ith  l e s s e r  s u p e r h e a t .  H ow ever, e x c e s ­
s iv e  am ounts o f  d i s s o lv e d  m a t te r  in  b o i l e r  w a te r  c au se  th e
34 35 36 37u n p le a s a n t  phenomenon o f  fo am in g . » > * • T h is  n e c e s s i ­
t a t e s  TIb lo w in g  down" - a  w a s te fu l  th in g  -  to  keep  down th e  
c o n c e n tr a t io n  o f  both< s o lu b le  and su sp en d ed  m a t te r  w hich  
a id  in  fo am in g .
F o u lk  h a s  advanced  th e  id e a  ( I n d .  Eng. C hem ., 2 5 , 
800 , 1933) t h a t  th e  d i f f e r e n c e  i s  c a u se d  by th e  in c r e a s e  in  
th e  s t a b i l i t y  o f  th e  b u b b le s  w h ich , l i k e  s t a b l e  c o l l o i d a l  
s o l u t io n s ,  a re  p re v e n te d  from  c o a le s c e n c e ,  p resu m ab ly  by th e  
a c t io n  o f  e l e c t r i c  d o u b le  l a y e r s  s u r ro u n d in g  th e  in d iv id u a l  
b u b b le s . The o r i g in  o f  th e  p o s t u l a t e d  e l e c t r i c  f o r c e s ,  how­
e v e r ,  oafinot be  th e  same a s  in  c o l l o i d a l  s o l u t i o n s .  I t  i s  
known t h a t  th e  c o l l o i d a l  s o l u t io n  i s  s t a b i l i s e d  by  th e  Z e ta -  
p o t e n t i a l  ( o r ,  E le c t r o k i n e t i c  P o t e n t i a l )  a t  th e  i n t e r f a c e .  
H ow ever, in  th e  c o u rs e  o f  a  com prehensive  i n v e s t i g a t i o n  J .  
P e r r i n  (1 9 0 4 ) fo u n d  t h a t  th e  m ag n itu d e  and even  th e  s ig n ,  o f
<M)
th e  Z e ta ;* p o te n tia !  c o u ld  he  a l t e r e d  hy th e  p re s e n c e  o f  io n s  
in  th e  s o l u t io n ;  h yd rogen  and h y d ro x y l io n s  a r e  sp e c ia lly  
e f f e c t  eve in  many w ays. (OH) io n s  make i t  more n e g a t iv e ,  
in  g e n e ra l*  On th e  o th e r  h a n d , a h o i l e r  h a s  to  he  hlow n 
down to  keep  dhwn th e  c o n c e n tr a t io n  o f  e l e c t r o l y t e s .
A dam ^ th in k s  th e  s t a b i l i s a t i o n  may depend  upon 
th e  b u i ld in g  scft up o f  in s o lu b le  c r y s t a l l i n e  f i lm s  such  a s  
c a rb o n a te s ,  h y d ro x id e s ,  o r  s u lp h a te s  p r e c i p i t a t e d  a ro u n d  
th e  bubble*  T h is  may n o t  b e  th e  o n ly  r e a s o n  b e c a u se  foam -
rXA rz K
in g  h as b e en  o b se rv e d  w ith  s o l u t i o n s .  9 *
34A cco rd in g  to  C a sse l , th e  c o n c e n t r a t io n  o f  d i s ­
so lv e d  m a t te r  may cau se  s t a b i l i s a t i o n  in  two w ays: F i r s t , b y  
re d u c in g  v ap o u r p r e s s u r e  b e c a u se  o f  th e  h ig h e r  c o n c e n t r a t io n  
w hich , i n  t u r n ,  c a u se s  a  r e d u c t io n  o f  th e  r a t e  o f  v a p o r i s a ­
t i o n .  The g row th  o f  b u b b le s  w i l l  be  slow ed down a t  an  e a r ­
l i e r  s ta g e*  Hence s u p e r h e a t in g  m ust in c r e a s e  r e s u l t i n g  in  
more b u b b le  fo rm a tio n  on s u f f i c i e n t l y  a c t iv e  su sp en d e d  p a r ­
t i c l e s .  S econd , th e  e x is te n c e  o f  a  c o n c e n t r a t io n  g r a d ie n t  
be tw een  th e  s u r f a c e  o f  th e  b u b b le  and th e  i n t e r i o r  o f  th e  
s o lu t io n  im p lie s  th e  b u i ld in g  up o f  an  e l e c t r i c a l  p o t e n t i a l  
d i f f e r e n c e  whose m ag n itu d e  depends on th e  t r a n s f e r  num bers 
and th e  a c t i v i t i e s  o f  th e  e l e c t r o l y t e .  T h is  th e o ry  o f  C as­
s e l l s  w hich  e x p la in s  th e  s t a b i l i s a t i o n  o f  foam i n  b o i l i n g  
e l e c t r o l y t e  s o lu t io n s  on th e  b a s i s  o f  th e  th e r m o e le c t r ic  p o ­
t e n t i a l  d i f f e r e n c e s  a r i s i n g  from  th e  tem p, g r a d i e n t  a ro u n d
(*•«
grow ing  b u b b le s ,  h a s  n o t  b een  d e f i n i t e l y  c o n firm e d . F o r i n ­
s t a n c e ,  i t  sh o u ld  be  e x p e c te d  t h a t  th e  te n d e n c y  to  foam ing  a s  
m easured  by th e  h e ig h t  o f  th e  foam column o b ta in e d  i s  p r o p o r ­
t i o n a l  to  th e  m o la r e l e c t r o l y t e  c o n c e n tr a t io n  r a t h e r  th a n  to  
th e  w e igh t o f  d i s s o lv e d  m a t te r  c u s to m a r i ly  u se d  in  w a te r  t r e a t ­
ment c a l c u l a t i o n s .  A lso , th e  c o r r e l a t i o n  o f  foam ing  and th e  
t h e r m o - e l e c t r o ly t i c  p o t e n t i a l  d i f f e r e n c e s  c h a r a c t e r i s t i c  o f  
th e  s o lu t io n s  l a c k s  d e f i n i t e  c o n f i rm a t io n .  C a s se l  i n t e r p r e t s  
th e  e f f e c t  o f  foam i n h i b i t o r s  ( e . g . ,  c a s to r  o i l )  a s  a  change 
in  th e  r a t e  o f  b u b b le  c r e a t io n  c a u se d  by s u r f  a c e - c o n d i t io n in g
o f  h e a t in g  e le m e n ts  and su sp en d ed  p a r t i c l e s .
35Jakoby  and B ischm ann p r e s e n t  a  p h o to g ra p h ic  s tu d y  
o f  th e  fo rm a tio n  o f  steam  b u b b le s  a t  a tm o sp h e r ic  p r e s s u r e  from  
sm ooth) h e a te d  s u r f a c e s  and s u r f a c e s  c o a te d  w ith  CaCOg s c a l e .
I t  i s  found  t h a t  th e  n a tu r e  o f  th e  s u r f a c e  h a s  a  m arked e f f e c t  
on " n u c le a te "  b o i l i n g ,  s c a le d  s u r f a c e s  g iv in g  a  m u l t i tu d e  o f  
sm a ll  b u b b le s  w ith  no ten d e n cy  to  c o l l a p s e .  O le ic  a c id  ( 5 p .p .m . ) 
i s  found  to  in d u ce  f i lm  b o i l i n g  a t  a  At lo w e r th a n  b e f o r e .
In  a c tu a l  b o i l e r  o p e r a t io n ,  o i l  c o n ta m in a tio n  o f  w a te r  may be  
c o n tin u o u s  and a id  s u b s t a n t i a l l y  in  o v e rh e a t in g  th e  b o i l e r  
m e ta l ,  a lth o u g h  su ch  c o n ta m in a tio n  i s  r a r e  n o w -a -d a y s .
I n  s tu d y in g  th e  e f f e c t  o f  a  p o ly am id e  a n tifo a m  ( a  
c e r t a i n  H - N - d i s u b s t i tu t e d - d ib a s ic  a c id  am ides o f  h ig h  m o le­
c u la r  w e ig h t and  p o ly a c y la te d  p o ly a m id e s )  on a b o i l i n g  foam ­
in g  s o lu t io n ,  th e  a c t io n  o f  th e  a n tifo a m  was shown to  b e g in
a t  th e  h e a t in g  s u r f a c e  (cf.fcj.34) c a u s in g  n o t  n n ly  c o l l a p s e  o f  
th e  foam h u t  a ls o  c o a le s c e n c e  o f  th e  o th e rw is e  s m a l l 'b u b b le s  
b e fo r e  t h e i r  d e tach m en t from  th e  h e a t in g  s u r f a c e .  S im i la r  
r e s u l t s  were o b ta in e d  a t  p r e s s u r e s  o f  70 p . p . i .  and 250 p . p . i .  
The a u th o rs  s u p p o r t  F o u lk ’ s b a la n c e d  l a y e r  th e o r y .  The p r o ­
nounced  s u r f a c e  a c t i v i t y  o f  th e  a n tifo a m s  i s  b o rn e  o u t by 
th e  d e s t r u c t io n  o f  th e  foam l a y e r  and th e  c o a le s c e n c e  o f  th e  
a sc e n d in g  steam  b u b b le s .  I t  becom es a b so rb e d  a t  each  new steam - 
w a te r  i n t e r f a c e .
37G underson and Denman a t t r i b u t e  fo am in g  to  e x c e s ­
s iv e  c o n c e n tr a t io n  o f  e l e c t r o l y t e s *  a l k a l i n i t y ,  c o l l o i d s  and 
o rg a n ic  s u r f a c e - a c t i v e  s u b s ta n c e s  e t c . , w hich c a u se  in c r e a s e d  
w e t t in g ,  a  l a r g e r  numfrer o f  a c t i v e  n u c l e i ,  s m a l le r  and m ore 
s t a b l e  b u b b le s  and  co n seq u en t d e c re a s e  i n  th e  s u p e rh e a t  o f  
th e  wat e r •
P h o to g ra p h ic  S tu d ie s  s u g g e s t  t h a t  th e  a lk y le n e  p o ­
ly am id es  b r in g  a b o u t i n i t i a l  l a r g e  b u b b le  fo rm a t io n  on th e  
h e a t in g  s u r f a c e  i n  an  e x p lo s iv e  m anner and g r e a t l y  re d u c e  
th e  number o f  b u b b le s ;  su b se q u e n t c o a le s c e n c e  o f  th e  l a r g e  
b u b b le s  i s  f a c i l i t a t e d .  Fewer b u b b le  n u c l e i  a r e  a c t i v e ,  and  
some n u c le i  seem to  be  p r e f e r e n t i a l l y  a c t i v a t e d ,  e . g . ,  more 
hadrop& obic in  c h a r a c t e r ,  p ro b a b ly  made so by th e  o r i e n t e d  
a d s o r p t io n  o f  th e  po lyam ide  m o le c u le s  w hereby th e  p o l a r  g ro u p s  
a r e  a d so rb e d  on th e  s o l i d  s u r f a c e  and th e  lo n g  hydjocarbon 
c h a in s  f a c e  th e  w a te r .  H u c le a r  b o i l i n g  i s  m a in ta in e d . The 
a u th o r s  p ro p o se  to  p ro v e  t h i s  m echanism  by in t r o d u c in g  i s p -
(J* )
to p e  t r a c e r  atom s in to  th e  m o le c u le  and th e n  p h o to m e tr i ­
c a l l y  c h e c k in g  up th e  e s ta b l is h m e n t  o f  th e s e  a c t i v a t e d  
n u c l e i .
PART III
HEAT TRANSFER TO BOILING LIQUIDS.
C o n c e n tra t io n  o f s o lu t io n s  by b o i l i n g  o f f  th e  
ex ce ss  l i q u i d  in  s u i t a b l e  m ach ines i s  a  m ajo r i n d u s t r i a l  
o p e r a t io n .  An econom ical o p e r a t io n  o f  th e s e  m ach ines d e ­
mands a  h ig h  r a t e  o f  h e a t  t r a n s f e r  to  th e  b o i l i n g  l i q u i d .  
Thus, h e a t  t r a n s f e r  to  b o i l i n g  l i q u i d s  fo rm s an im p o r ta n t  
p rob lem . B o i l in g  in  th e s e  o p e r a t io n s  i s  in v a r i a b ly  con ­
f in e d  to  th e  n u c le a te  ty p e  w hich  h a s  a l r e a d y  b een  shown to  
be more e f f i c i e n t  th a n  f i lm  b o i l i n g  w hich i s  to  be  a v o id e d  
n o t  m ere ly  f o r  econom ic r e a s o n s  b u t  a ls o  f o r  r e a s o n s  o f  
s a f e ty  in  c e r t a i n  c a s e s .  T h is  h e a t  t r a n s f e r  i s  a c h ie v e d  
from  subm erged s u r f a c e s  w hich may be  h o r i z o n t a l ,
v e r t i c a l  o r  i n c l i n e d ,  and f l a t  o r  t u t u l a r .  The r a t e  o f  
h e a t  t r a n s f e r  from  th e  h o t  s u r f a c e  to  th e  b o i l i n g  l i q u i d  
i s  p r im a r i ly  c o n t r o l l e d  by th e  t h i n  f i lm  o f  l i q u i d  in  c o n ­
t a c t  w ith  th e  h o t  s u r f a c e .
As w i l l  be  se e n  s u b s e q u e n t ly ,  s e v e r a l  o f  th e  im­
p o r t a n t  f a c t o r s  w hich e n te r  in to  th e  p rob lem  h ave  s i m i l a r  
e f f e c t s  a t  l e a s t  q u a l i t a t i v e l y  r e g a r d l e s s  o f  th e  sh a p e , s i z e ,  
and  o r i e n t a t i o n  o f  th e  s u r f a c e .  Such f a c t o r s  a re  th e  tem p , 
d ro p  from  th e  h o t  s u r f a c e  to  th e  b o i l i n g  l i q u i d ,  n a tu r e  o f
th e  h o t  s u r f a c e , : ^  t;:r.£ n a tu r e  and p h y s ic a l  p r o p e r t i e s  o f  th e  
l i q u i d ,  p r e s s u r e  ( o r  h a i l i n g  p o in t )  and  th e  d i s s o lv e d  su b ­
s t a n c e s ,  e t c .
F a c to r s  A f f e c t in g  th e  C o e f f i c ie n t  o f  
H eat T r a n s f e r .
T here  a r e  s e v e r a l  im p o r ta n t  f a c t o r s  w hich a f f e c t  
th e  r a t e  o f  h e a t  t r a n s f e r  to  b o i l i n g  l i q u i d s .  T hese w i l l  b e  
c o n s id e re d  one by one in  th e  l i g h t  o f  r e c e n t  r e s e a r c h e s .
1 .  E f f e c t  o f  Temp, d ro p , At : -
T h is  i s  by f a r  th e  m ost im­
p o r ta n t  f a c t o r .  I t i  a f f e c t  i s  b e s t  shown by th e  b o i l i n g  
cu rv e  a l r e a d y  g iv e n  which shows i n  a  q u a l i t a t i v e  m anner th e
e f f e c t  o f  At on both;, , f l u x  and th e  f i lm  c o e f f .  The sh ap e
1 ? ^ fi 7 fi 10o f  th e  b o i l i n g  c u rv e  i s  q u i te  g e n e r a l ly  a c c e p te d .  » » » * * »x
How ever, th e r e  i s  c o n s id e ra b le  d i f f e r e n c e  o f  o p in io n  a s  to
40i t s  e x a c t m a g n itu d e . C ryder and  F in a lb o rg o  fo u n d  t h a t  t h e i r  
r e s u l t s  c o u ld  be  c o r r e l a t e d  by
h  = <5 (A t)n ............................................ ( o .s ®
w here th e  v a lu e  o f  n  l i e s  b e tw een  2 .4  and 2 .5 .  They c i t e  
th e  r e l a t i o n s h i p  g iv e n  by Jakob and L in k e , w hich  when s u i t ­
a b ly  t ra n s fo rm e d  ta k e s  th e  f o l lo w in g  fo rm :-
h  =  C ( A i )4   ( 0 . Z 9 )
(w here  C i s  a  c o n s t a n t ) .
A g a in , I n s in g e r  and  B l i s s  p u t
(U*f)
h *  (Q /  AO)0 *69 . . .   (O.Si)
How, Q/AQ =r h*(A t ) ;  hence  th e  above r e l a t i o n s h i p  re d u c e s
to  th e  form : -  0 0„
hoc ( A t )2 - 2 3    ( 0 .* 2 )
L ukom skil ( c i t e d  by B adger and L in d s a y , In d .E n g .C h e m ., 5 8 , 
3 0 , 1946) p r e s e n t s  a  summary o f  b o i l i n g  c o e f f i c i e n t s  w h ic h 9 
i n  g e n e ra l ,  c an  be  e x p re s s e d  a s  : -
TT •=. C - A t2 *5   ( 0 .3 3 )
He imports t h a t  th e  r a t i o  o f  h e a t  f l u x  to  maximum h e a t  f l u x
(Q/Qmax) can  be  p l o t t e d  a g a in s t  th e  r a t i o  o f  th e  tem p, d i f ­
f e r e n c e  to  th e  c r i t i c a l  tem p, d i f f e r e n c e ,  ( A t /A tc r j ^ # ) .  
B o n i l la  and P e r r y ,  u s in g  a h o r i z o h t a l  h o t  p l a t e  w ith  p u re  
l i q u i d s  and t h e i r  b in a ry  m ix tu r e s ,  fo u n d  t h a t  in  th e  h ig h  
ran g e  o f  f l u x ,
h  oc (At)2 *2s . . .  .....................  O -34)
2 . H a tu re  o f  th e  S u rfa c e  -
F o r th e  same l i q u i d  th e  c o e f ­
f i c i e n t  i s  fo u n d  to  v a ry  from  s u r f a c e  to  s u r f a c e .  T h is  may 
p r im a r i ly  b e  due to  th e  f r e e  a d h e s io n  e n erg y  w hich  may d i f ­
f e r  from  system  to  sy s te m . I t  i s  w e ll  known t h a t  a  w e tte d  
s u r f a c e  g iv e s  a  b e t t e r  h e a t  t r a n s f e r ® *37, th e  b u b b le s  b e ­
in g  q u ic k ly  sh e a re d  away by th e  l i q u i d  from  th e  h e a t in g  s u r ­
f a c e .  The l i q u i d  b e in g  in  c o n ta c t  w ith  m ost o f  th e  h e a t in g  
s u r f a c e ,  h a s  a  b e t t e r  chance o f  g e t t i n g  s u f f i c i e n t  s u p e r ­
h e a t .  I f  th e  s u r f a c e  i s  n o n -w e tte d , f l a t  b u b b le s  fo rm , o c ­
cupy m ost o f  th e  s u r f a c e  and re d u c e  th e  r a t e  o f  h e a t  t r a n s -
0*48)
f  e r .
Rhodes and B r id g e s 5 fo u n d  t h a t  th e  p re s e n c e  on th e  
m e ta l  s u r f a c e  o f  a  t h i n  f i lm  o f  m a t e r i a l  n o t  r e a d i l y  w e t­
t e d  by th e  l i q u i d  te n d s  to  prom ote f i lm  b o i l i n g .  In  th e  
n u c le a r  r e g io n  a v e ry  t h i n  f i lm  o f  wax on h e a t in g  s u r f a c e  
h a s  no e f f e c t  on th e  f i lm  coeff*<La*vb.
41
C i c h e l l i  and  B o n i l l a  , w h ile  b o i l i n g  b in a r y  m ix­
tu r e s  fo u n d  t h a t  in  one c a se  fo u le d  s u r f a c e  in c r e a s e d  co ­
e f f .  by 1 5 ° /o  f o r  th e  same tem p. d ro p . Rhodes and  B r id g e s 5 
found  c o n ta m in a tio n  and chromium o r  c h ro m iu m -p la te d  s u r f a c e s  
to  induce  f i lm  b o i l i n g  w h ereas S a u e r‘S e t  a l .  fo u n d  t h a t , o f
C r -p la te d  Cu, Cu, Fe and A l,  th e  f i r s t  gave th e  h ig h e s t  f l u x .
3 9
B o n i l la  and P e r r y  a ls o  fo u n d  Cr s u r f a c e s  to  in d u ce  f i lm  
b o i l i n g .  They a t t r i b u t e d  t h i s  to  a n o n -w e tta b le  t h i n  f i lm  
o f  o x id e . F o r a  At o f  22°C e th a n o l  gave a  h e a t  t r a n s f e r  co ­
e f f .  o f  4800 f o r  p o l is h e d  C opper, 2200 f o r  f r e s h  g o lc jfe la te , 
1300 f o r  f r e s h  C r - p la te  and  580 f o r  aged  C r - p l a t e .
W hereas I n s in g e r  and  B l i s s *^6 fo u n d  th e  c o e f f  s .  r e ­
l a t i v e l y  u n a f f e c te d  by tim e  in  a b sen c e  o f  c o n ta m in a t io n ,  in  
Sauer-1- e t  a l ’ s e x p e rim e n ts  co p p er was fo u n d  to  g iv e  l a r g e  
v a r i a t i o n s  d ep en d in g  upon th e  le n g th  o f  tim e  s in c e  c le a n in g ,  
even th o u g h  th e  d e p o s i t  o f  f o r e ig n  m a t te r  was b a r e ly  p e r ­
c e p t i b l e .  O v e ra l l  c o e f f .  from  steam  to  w a te r  w ith  an i n i ­
t i a l l y  c le a n  c o p p e r .tu b e  in c r e a s e d  from  1150 to  5190 d u r in g  
th e  f i r s t  142 m in . a t  a  c o n s ta n t  A t .  B ubble fo rm a t io n  n u ­
c l e i  g r a d u a l ly  in c re a s e d  in  num ber and f i n a l l y  c o v e re d  th e
(.vfl
whole s u r f a c e .  However, t h e  a u th o r s  f a i l e d  to  d u p l i c a t e  
r e s u l t s .
The o v e r r i d i n g  f a c t o r  seems to  he  t h e  f a c t  t h a t  
t h e  s u r f a c e  m ust he  th o ro u g h ly  w e t te d  so t h a t  h e a t  may e a ­
s i l y  f lo w  from  th e  s o l i d  to  th e  l i q u i d  and t h a t ,  a t  t h e  
same t im e ,  t h e r e  must he  a  s u f f i c i e n t l y  l a r g e  number o f  
p o i n t s  which can  f u r n i s h  n u c l e i  f o r  h u h h le  f o r m a t io n .
W hile  i n  two c a s e s  a  ro u g h  s u r f a c e  was fo u n d  to
1 3g iv e  a  b e t t e r  h e a t  t r a n s f e r  * , i n  a  t h i r d  c a se  no d i f ­
f e r e n c e  was foun d  when t h e  r e s u l t s  were frased  on
th e  p r o j e c t e d  a r e a .  Sauer^  e t  a l  fo u n d  t h a t ,  w i th  w a t e r ,  
f o r  a tem p, d rop  l e s s  th a n  125°F ( s te a m  to  w a t e r ) ,  i r o n  
gave h i g h e r  o v e r a l l  c o e f f  s .  t h a n  Cu o r  c h ro m iu m -p la te d  cop­
p e r .  On th e  o t h e r  h a n d , P r i j g e o n  and B adger^8 fo u n d  t h e  
r e v e r s e  to  he  t r u e ,  and c l e a r l y  some u n r e c o g n is e d  f a c t o r  
p la y e d  a  dom inant p a r t .
N a tu re  o f  t h e  L iq u i d : -
F or th e  same h e a t i n g  s u r f a c e  th e  
f i lm  c o e f f .  u n d e r  s i m i l a r  c o n d i t i o n s  d i f f e r s  from  l i q u i d  to 
l i q u i d .  Jakob9 fo u n d  t h a t  f o r  w a te r  th e  c o e f f .  was 2 .5  
t im e s  a s  g r a t  a s  t h a t  f o r  CC14 . C ry der  and F in a lh o r g o 4^
C50)
■boiled a number o f  l i q u i d s  i n  th e  ra n g e  o f  m o d era te  f lu x *
For a g iv e n  A t,  th e  v a lu e  o f  h  (F i lm  c o e f f • , B . T h . U . / h r / s q . f t / ° F ]  
f o r  m ethano l i s  12°/> o f  t h a t  o f  w a te r ,  "but f o r  a g iv e n  f l u x  
th e  v a lu e  i s  5 5 ° /o  o f  t h a t  f o r  w a te r .  V a r i a t i o n  from  l i ­
q u id  to  l i q u i d  i s  a lw ays to  b e  e x p e c te d  a l th o u g h  no r u l e
can  be g iv e n  f o r  p r e d i c t i n g  v a l u e s .
39B o n i l l a  and  P e r r y  foun d  t h a t  t h e f o r  b i n a ­
r y  l i q u i d s  l i e  be tw een  th o s e  f o r  th e  i n d i v i d u a l  com ponen ts .
42Work on im -m is e ib le  l i q u i d  m ix tu r e s  by B o n i l l a  and E is e n b e r g  
showed t h a t ,  f o r  th e  same f l u x ,  ( B .Th.U . / h r . / s q . f t .  ) ,  a  h i g h ­
e r  At was n e c e s s a r y  th a n  f o r  th e  p u re  l i q u i d s .  A ls o ,  con ­
s i d e r a b l e  s u p e r h e a t in g  i s  to  be  e x p e c te d  i n  th e  b o i l i n g  o f  
sh a l lo w  l i q u i d  l a y e r s  o f  t h e  o r d e r  o f  2 .5  i n c h e s ,  i n  con ­
t r a s t  w i th  th e  b o i l i n g  o f  p a r t l y  s o l u b l e  l i q u i d s .
S auer e t  a l^  foun d  t h a t  th e  m ax inw flux  f o r  t h e  
n o n - p o la r  group  e t h y l  a c e t a t e ,  CgHg, CCI4 , H ep tane  was t h e  
l e a s t ,  i n t e r m e d i a t e  f o r  CHg.OH and CgHg.OH, and th e  h i g h e s t  
f o r  water*
4 .  P r e s s u r e  ( o r .  B o i l i n g  T em p .) : -
I t  i s  g e n e r a l l y  fo un d
t h a t  a s  t h e  p r e s s u r e  i s  lo w e re d  th e  c o e f f .  i s  a l s o  r e d u c e d *5 *5 1
1 6 ,3 9 ,4 0 *  kU-(- t h e  c r i t i c a l  tem p, d i f f e r e n c e  re m a in s  s e n s i b l y  
c o n s t a n t 8 . A cco rd in g  to  C ryder and F in a lb o r g o 4 0 , f o r  e i g h t
l i q u i d s  e x p e r im e n ted  upon , f o r  p r e s s u r e s  above and b e lo w  a t ­
m o sp h e r ic ,
w here h a  and t a  a r e  th e  c o e f f .  and b o i l i n g  p o i n t  a t  a tm os­
p h e r i c  p r e s s u r e .  na ^ tT d i f f e r s  from  l i q u i d  to  l i q u i d  and 
f o r  w a te r  i t  r a n g e d  from 0 .0 1 2  to  0 .0 1 7 .  T h is  s im p le  r e -  
l a t i o r |p o u l d  n o t  c o r r e l a t e  t h e  d a t a  o f  B r a u n l i c h  o r  th o s e  o f
K a u la k is  and Sherman.*5 ,p .3 0 9  w a te r  was b o i l e d  a t  d i f -
7f e r e n t  e l e v a t e d  p r e s s u r e s ,  F a r b e r  and Scorah  , w ork ing  w i th
h o t  w i r e s ,  fo u n d  t h a t  th e  same h e a t e d  m e ta l  gave d i f f e r e n t
b o i l i n g  c u r v e s ,  though  th e  g e n e r a l  form  rem a in e d  th e  same.
The f a l l  in  h  w i th  d e c r e a s e  i n  p r e s s u r e  may be
a t t r i b u t e d  to  th e  i n c r e a s e  i n  th e  s p e c i f i c  volume o f  t h e
v a p o u r ,  w i th  r e s u l t i n g  i n c r e a s e  i n  b l a n k e t i n g  a c t i o n .  The
in c r e a s e  i n  th e  v i s c o s i t y  o f  th e  l i q u i d  w hich  o c c u r s  when
t h e  p r e s s u r e  a n d ,  t h e r e f o r e ,  t h e  t e m p e r a tu r e  i s  r e d u c e d ,
may a ls o  be  a  f a c t o r  i n  d e te r m in in g  t h e  change i n  th e  f i l m  
5
co n du c tance  • Y e t  a n o th e r  f a c t o r  f i g u r i n g  h e r e  may be s u r ­
f a c e  t e n s io n  w hich  i n c r e a s e s  w i th  i^ ip e ra tu r e  f a l l .
B o g a r t  and Johnson  ( R e f . 3 ,  P .3 1 0 ) ,  w ork ing  w i t h  
a  submerged h o r i z o n t a l  R i tu b e  a t  h ig h  p r e s s u r e s ,  fo u n d  t h a t  
w i th  b e n z e n e ,  a t  a  g iv e n  At an i n c r e a s e  i n  tem p, and p r e s ­
s u r e  gave an i n c r e a s e  i n  h  a l l  t h e  way from  a tm o s p h e r ic  t o  
c r i t i c a l  p r e s s u r e ,  in  s p i t e  o f  th e  f a c t  t h a t  a  c a rb o n a c e o u s  
d e p o s i t  form ed on th e  tu b e  due to  th e rm a l  d e c o m p o s i t io n  u n d e r  
e x c e s s iv e
(5 * 0
H ow ever, t h e r e  i s  no agreem ent a s  to  t h e  e x a c t  
e f f e c t  o f  p r e s s u r e  on th e  c o e f f i e i e n t ^ * ^ 0^  ^• A lso  A kin  & 
McAdams4 s t a t e  t h a t  th e  p e r c e n ta g e  r e d u c t i o n  i n  h  w i th  d e ­
c re a s e  i n  B.P* was n o t  so l a r g e  i n  t h e i r  e x p e r im e n ts  a s  
r e p o r t e d  by C ryder  & F in a lb o rg o 4 0 .
rzq
B o n i l l a  and P e r r y  w ork ing  w i th  B in a ry  m ix tu r e s
o fm is c ib le  l i q u i d s  found
n -h  as b .P  , where b - c o n s t a n t .  . .
(  r
Also as  P ( i n  a tm o sp h e re s )  r i s e s ,  t h e  r a t i o t 1
r i s e s  f i r s t  r a p i d l y  and th e n  more s lo w ly ,  P r e f e r r i n g  to  
t h e  p r e s s u r e  o t h e r  th a n  a tm o sp h e r ic  and ,Ta ”to  t h e  a tm osphe­
r i c  p r e s s u r e .  These r e l a t i o n s h i p s  were a l s o  found  to  a p p ly  
to  th e  d a ta  o f  A kin  and McAdams*
5* E f f e c t  o f  A d d i t io n  A g e n ts : -
W ettin g  a g e n t s  i n c r e a s e  th e  
r a t e  o f  h e a t  t r a n s f e r  by r e d u c in g  t h e  s u r f a c e  t e n s i o n  and 
a id in g  i n  th e  f o r m a t io n  o f  b u b b le s .  H ere  a g a in  t h e r e  i s  
d isa g re e m e n t  w i th  r e g a r d  to  i t s  e x a c t  e f f e c t .  A c co rd in g  
to  Jakob^ ,
h  = ( cr) • 5    . * .  ( 0 *&6 )
b a s e d  on o b s e r v a t i o n s  w i th  NEKAL BX which r e d u c e d  s u r f a c e  
t e n s io n  by 4 5 ^  . and i n c r e a s e d  r h  by 23 . . I n s i n g e r
and  B l i s s ^  p u t
h = dj (cr)-0 ,62  ........................... (0 .17J
CS3)
On th e  e f f e c t  o f  o t h e r  a d d i t i o n  a g e n t s ,  t h e  r e s u l t s  o f  
Rhodes and B r id g e s  a r e  v e ry  i n t e r e s t i n g  ( s e e  a l s o  R e f . 3 ,  
pp .  303, 3 0 4 ) .  In  g e n e r a l  i t  c o u ld  he  s a i d  t h a t  a n y th in g  
t h a t  im proves th e  w e t t i n g  o f  th e  s u r f a c e  hy th e  l i q u i d ,  im­
p ro v e s  th e  f i lm  c o e f f . ,  and a n y th in g  t h a t  r e d u c e s  t h e  w e t ­
t i n g  o f  t h e  s u r f a c e  lo w e rs  t h e  f i l m  c o e f f . ,  t o o .
6 * E f f e c t  o f  V i s c o s i t y : -
W hereas i n  t h e  s im p le  h e a t i n g  o f  
f l u i d s  v i s c o s i t y  p l a y s  an im p o r ta n t  r o l e  ( c o n s i d e r  f o r  ex ­
ample B i t t u s  -  B o e l t e r  E q u a t io n )  i t  i s  somewhat s u r p r i s i n g
t h a t  w i th  h o i l i n g  l i q u i d s  i t s  e f f e c t  a c c o r d in g  to  I n s i n g e r
16 5and B l i s s  i s  n e g l i g i b l e .  Rhodes and B r id g e s  c o n s id e r
v i s c o s i t y  to  he  o f  im p o rtan ce  h u t  d id  n o t  i n v e s t i g a t e  i t s
e f f e c t s .  However, work on LTV, S h o r t -T u b e ,  V e r t i c a l  and
F o rc e d  C i r c u l a t i o n  e v a p o r a to r s  h a s  shown t h a t  v i s c o s i t y  d o es
p l a y  an im p o r ta n t  p a r t .
7 .  E f f e c t  o f  A g i t a t i o n : -
McAdams ( R e f . 3 ,  p .306  ) shows how 
A u s t i n ' s  r e s u l t s  i n  th e  r a n g e  o f  n u c l e a t e  h o i l i n g  v / i th  l i q u i d  
s t i r r e d ,  i n d i c a t e  no change i n  h  w i th  i n c r e a s i n g  A t ;  and h 
i s  h i g h e r  th a n  f o r  an u n s t i r r e d  l i q u i d  f o r  t h e  same v a lu e  
o f  A t.
8 . E f f e c t  o f  Tube D ia . does  n o t  seem to  he  o f  much c o n s e ­
quence ( s e e  R e f .  3 ,  p ,3 1 4 ) .
(5*+)
9 . C o r r e l a t i o n
There  h a r e  h a r d l y  t e e n  any g e n e r a l  c o r r e l a -
16
t i o n s  i n  t h i s  f i e l d .  I n s i n g e r  and B l i s s  gave th e  f o l lo w in g
c o r r e l a t i o n  which f i t t e d  t h e i r  own d a t a  and th o s e  o f  o t h e r s ,
53 4
among them L in d en  and M o n t i l Io n  , and  A kin  and McAdams • A
c lo s e r  e x a m in a t io n  o f  t h i s  c o r r e l a t i o n ,
shows, h ow ev er ,  t h a t  i t  amounts to  c o r r e l a t i n g  h v s .  Q, i . e . ,
l o g  y  s  -2 .7 5 1 - l -0 .4 5 1  l o g  X - 0 .0 7 6 ( l o g  X )
where
Y
and
h v s .  h - A t ,  ajine thod  which h a s  "been a d v e r s e l y  c r i t i c i s e d .
X X . X . X . X . X . X X
HEAT TRANSFER TO BOILIRG- LIQUIDS
FROM SPECIAL SURFACES
I n  v iew  o f  th e  im p o rtan c e  p l a c e d  upon p r a c t i c a l
d e s ig n  in  i n d u s t r i a l  h e a t  t r a n s f e r ,  i t  i s  s u r p r i s i n g  t h a t
th e  above d i s c u s s i o n s ,  w hich  were c o n f in e d  to  a  v a r i e t y
o f  p h y s i c a l  a rran g em en t o f  t h e  h e a t i n g  s u r f a c e ,  g e n e r a l l y
le a d  to  t h e  c o n c lu s io n  t h a t  th e  l a t t e r  f a c t o r  i s  o f  l i t t l e
consequence  so lo n g  a s  o t h e r  c o n d i t i o n s  a&e th e  same* F o r  
, 9
exam ple, Jakob s r e s u l t s  show t h a t  a h o r i z o n t a l  p l a t e  
g iv e s  a s  good r e s u l t s  a s  a  v e r t i c a l  s u r f a c e  b o th  f o r  w a te r  
and CCI4 , b o i l i n g  a t  a tm o sp h e r ic  p r e s s u r e .  Sauer^* e t  a l ,  
u s in g  b o th  h o r i z o n t a l  and  v e r t i c a l  c o p p e r  s u r f a c e s ,  fo u n d
4
s i m i l a r  r e s u l t s  w i th  t h e  same l i q u i d *  A kin  & McAdams 
worked w i th  a  model e v a p o r a to r  c o n t a i n i n g  60 n e a r l y  h o r i ­
z o n t a l ,  c h ro m e -p la te d ,  i  i n .  Copper t u b e s  to  b o i l  w a te r  
a t  a tm o sp h e r ic  p r e s s u r e  w i th  o v e r a l l  tem p, d i f f e r e n c e s  
r a n g in g  from  20° -  100° F . The b u n d le  gave t h e  same r e ­
s u l t s  a s  t h e  s i n g l e  tu b e  a p p a r a tu s  w hich  c o n s i s t e d  o f  a 
h o r i z o n t a l  3 /4  i n .  N i - p l a t e d  Cu-Tube. O th e r  o b s e r v e r s  
( c i t e d  by R e f .  3 ,  p . 313) fo u n d  s i m i l a r  a g re e m e n t.
One o f  t h e  m ost im p o r ta n t  a p p l i c a t i o n s  o f  h e a t  
t r a n s f e r  to  b o i l i n g  l i q u i d s  i s  e v a p o r a t i o n .  The c o n d i ­
t i o n s  u n d e r  w hich  i t  i s  c a r r i e d  o u t  i n  p r a c t i c e  a r e  w id e ­
l y  v a r i e d .  The l i q u i d  t o  be  e v a p o r a te d  may hav e  a  v e r y
( s t )
low o r  a  v e ry  h ig h  v i s c o s i t y .  I t  muy d e p o s i t  s c a l e  on t h e  
h e a t in g  s u r f a c e !  i t  may p r e c i p i t a t e  c r y s t a l s ;  i t  may t e n d  
to  foam; o r ,  i t  may have a  v e ry  h ig h  h o i l i n g  p o i n t .  T h is  
wide v a r i e t y  o f  p roblem s h a s  l e d  to  c o n s i d e r a b l e  v a r i a t i o n  
in  th e  t y p e s  o f  m ech an ica l  c o n s t r u c t i o n  u s e d .  I n  t h e  p a s t  
p r a c t i c a l  c o n s i d e r a t i o n s  and th e  custom s o f  t h e  v a r i o u s  
i n d u s t r i e s  have  in f lu e n c e d  th e  d e s ig n  o f  e v a p o r a to r s  to  a  
c o n s id e r a b le  e x t e n t .  W ith in  t h e  p a s t  two d e c a d e s ,  h o w ev er ,  
g r e a t e r  and  g r e a t e r  e f f o r t  h a s  b e en  made to  i n v e s t i g a t e  th e  
e f f e c t  o f  v a r i o u s  f a c t o r s  which a f f e c t  and c o n t r o l  h e a t  
t r a n s f e r  i n  e v a p o ra to r s  so thai^a d e s ig n  o f  t h e  l a t t e r  c o u ld  
be re d u c e d  to  a  l o g i c a l  b a s i s .
S in ce  i n  i n d u s t r y  m ost o f  t h e  e v a p o r a to r  t y p e s  
use  v e r t i c a l  t u b e s ,  most o f  t h e  r e s e a r c h e s  i n  r e c e n t  y e a r s  
have b e en  c a r r i e d  o u t  u s i n g  v e r t i c a l  t u b e s  w hich  a r e  h e a t e d  
from o u t s i d e  and i n to  which th e  l i q u i d  i s  f e d  from  t h e  b o t ­
tom. U s u a l ly  s i n g l e  tu b e s  have  b e en  u s e d  f o r  e x p e r im e n ta l  
p u rp o se s .
V e r t i c a l - T u b e  E v a p o r a to r s .
I t  i s  p o rb a b ly  th e  m ost im p o r ta n t  ty p e  new i n  
e x i s te n c e  i n  i n d u s t r y .  These have  b e en  f a v o u re d  b e c a u s e  
th e  b o i l i n g  i n s i d e  th e  tu b e s  in d u c e s  a  l a r g e  v e l o c i t y  g i v ­
in g  h ig h  r a t e s  o f  h e a t  t r a n s f e r .  Sometimes t h i s  h ig h  v e ­
l o c i t y  i s  a c h ie v e d  by pumping t h e  f e e d  a t  a  h ig h  r a t e .
C57)
T hus, t h e s e  m ach ines  may he  e i t h e r  o f  t h e  " n a t u r a l - c i r c u ­
l a t i o n "  ty p e  or 4  t h e  " f o r c e d - c i r c u l a t i o n "  t y p e .  I n  e i t h e r  
c a s e ,  t h e  u n e v a p o ra te d  l i q M d  r e c i r c u l a t e s  th ro u g h  th e  
t u b e s ,  e n t e r i n g  a t  t h e  s a t u r a t i o n  tem p, c o r r e s p o n d in g  to  
t h e  p r e s s u r e  i n  t h e  v a p o u r - l i q u i d  s e p a r a t o r .  As th e  p r e s ­
su re  a t  th e  bo tto m  o f  t h e  tu b e  i s  h i g h e r  th a n  a t  t h e  t o p ,  
th e  l i q u i d  p r o g r e s s e s  up g a in i n g  i n  tem p, and p ro b a b ly  
w i th o u t  b o i l i n g .  A s t a g e  comes when b o i l i n g  commences 
a f t e r  which t h e  tem p, o f  t h e  l i q u i d  f a l l s  p r o g r e s s i v e l y .
P ig .  0 .6  shows th e  cu rv e  f o r  t h e  f e e d  t e m p e r a tu r e ,  a s  t h e  
l i q u i d  a sc e n d s  t h e  t u b e .  The p a r t  o f  t h e  tu b e  n e e d e d  f o r  
h e a t in g  th e  f e e d  to  th e  b o i l i n g  p o i n t  ( i . e . ,  t h e  tem p, o f  
th e  l i q u i d  a t  t h e  p o i n t  where b o i l i n g  commences) i s  c a l l e d  
th e  n o n - b o i l i n g  o r  th e  h e a t i n g  s e c t i o n  and  th e  r e m a in d e r ,  
th e  b o i l i n g  s e c t i o n  o f  th e  t u b e .  T hus, t h e  maximum tem p, 
o f  th e  f e e d  i s  a t  t h e  l e v e l  where t h e  n o n - b o i l i n g  and  t h e  
b o i l i n g  s e c t i o n s  m ee t.  K irschbaum  e t  a l  ( c i t e d  by R e f .4 4 )  
f i r s t  a d v o c a te d  t h e  d i v i s i o n  o f  t h e  tu b e  i n to  n o n - b o i l i n g  
and b o i l i n g  s e c t i o n s .  T h is  s u g g e s t io n  was s u p p o r te d  by 
B o a r t s  and p u t  to  u s e  by B adger and h i s  a s s o c i a t e s  ( 4 4 ,4 9 ,5 0 )
The L ong-Tube. V e r t i c a l . N a t u r a l - C i r c u l a t i o n ,  S v a o o r a t o r : -
The tu b e  i n  t h e s e  m ach ines  may be  up to  22 f t .  l o n g .  
They have  r e c e i v e d  i n c r e a s i n g  im p o r ta n c e  i n  r e c e n t  y e a r s
T
E
M
P.
r
T U B E  S U R F ACF T E MPF. P ATUftE.
B O I U N G  S E C T I O NN O N - B Q I U N G  S E C T I O N
B O T T O M D I S T A N C E  . F T TOP
F I G . O - f c .  DI VI SI ON OF A VE RT ICAL - T U B E  EVAPORATOR
A
"because o f  t h e i r  a b i l i t y  to  h a n d le  h e a t - s e n s i t i v e ,  foam ing  
o r  v i s c o u s  s o l u t i o n s  which c a n n o t  "be d e a l t  w i th  i n  t h e  o r ­
d in a r y  e v a p o r a t o r s .  The LTV e v a p o r a to r  i s  f r e e  from  s c a l i n g  
t r o u b l e .  The f e e d  v e l o c i t y  i s  k e p t  low  so t h a t  c o n s i d e r a b l e  
v a p o r i s a t i o n  o c c u r s  in d u c in g  h ig h  v e l o c i t i e s  i n  th e  tu b e  
w i th o u t  t h e  n e e d  o f  pumping e n e rg y .  The r e s u l t  i s  a  High 
c o e f f .  h  o f  h e a t  t r a n s f e r . ’ Most o f  t h e  work on t h i s  ty p e  
o f  m achine h a s  been  done by Badger and h i s  a s s o c i a t e s .
The mechanism o f  b o i l i n g  i n  v e r t i c a l - t u b e , n a t u ­
r a l  - c i r c u l a t i o n , e v a p o r a to r s  h a s  b e en  g iv e n  by B rooks and 
B ad g er . 44 Barb e t  \_ B u l l .  A sso c .  Chem. S u e r . , 3 2 ,  1 1 1 , ( 1 9 1 4 ) ,  
c i t e d  by  R e f . 44*]. d e s c r i b e d  i n  g r e a t  d e t a i l  t h e  a p p e a ra n c e  
o f  th e  l i q u i d  when b o i l i n g  o c c u r s .  He s t a t e s  t h a t  w i t h  low  
i n l e t  v e l o c i t i e s  o f  th e  o r d e r  o f  0 .3  f t / s e c . ,  b u b b le s  fo rm , 
which c o a l e s c e ,  p u sh in g  s l u g s  o f  l i q u i d  ahead  o f  them . Due 
to  a t t r i t i o n  a t  t h e  w a l l s  o f  t h e  tu b e  t h e s e  s l u g s  become 
t h i n n e r  and  th e n  b r e a k ,  a l lo w in g  th e  v ap o u r  t o  p a s s  t h r o u g h .  
I f  v a p o r i s a t i o n  i s  s u f f i c i e n t ,  t h e  l i q u i d  on th e  w a l l s  o f  
th e  tu b e  w i l l  move upw ard . M ention  was made t h a t  a n n u la r  
r i n g s  o f  l i q u i d  a p p e a re d  on th e  w a l l  o f  th e  t u b e ,  above th e  
p o i n t  where th e  s lu g s  b r o k e .
Brooks and B adger r e p e a t e d  t h e s e  e x p e r im e n ts  
u s i n g  a  g l a s s  t u b e ,  3 /8  i n .  o . d . , i n  a  g l a s s  s team  j a c k e t .  
B a rb e t» s  r e s u l t s  were v e r i f i e d ,  i . e . ,  p r o g r e s s i n g  up t h e  
tu b e  t h e  f o l lo w in g  k in d s  o f  a c t i o n  were e n c o u n te re d :  -
( 1 )  A v e ry  s h o r t  l e n g t h  i n  w hich  t h e  v a p o u r  and 
th e  l i q u i d  w ere more o r  l e s s  u n i fo rm ly  d i s t r i b u t e d .
( 2 )  A s e c t i o n  o f  s lu g  a c t i o n  i n  which t h e  t r a n s v ­
e r s e  d i s t r i b u t i o n  i s  u n i fo rm ,  b u t  th e  l o n g i t u d i n a l  i s  n o t ,  
i . e . ,  t h e r e  a r e  a l t e r n a t e  s lu g s  o f  l i q u i d  and v a p o u r .
( 3 )  A s e c t i o n  i n  # i i c h  " f i lm "  a c t i o n  o c c u r s ,  o r  
t h e  l o n g i t u d i n a l  d i s t r i b u t i o n  i s  u n i fo rm ,  b u t  t h e  t r a n s ­
v e r s e  i s  n o t ,  i . e . ,  t h e r e  i s  a  c o re  o f  v a p o u r  w i th  th e  
l i q u i d  i n  a f i l m  o f  v a r y i n g  t h i c k n e s s  on th e  w a l l s  o f  t h e  
t u b e .  The a n n u la r  r i n g s  m en tio n ed  by  B a rb e t  a l s o  a p p e a re d  
in  t h i s  s e c t i o n .
Two s i g h t  g l a s s e s  were t h e n  s e t  a t  t h e  l e v e l  o f  
t h e  u p p e r  tu b e  s h e e t  o f  t h e  m e ta l  tu b e  evaporato r. These 
p e r m i t t e d  o b s e r v a t i o n  o f  t h e  o u t l e t  o f  t h e  t u b e .
With b o i l i n g  l e n g t h s  o f  1 f t .  o r  l e s s ,  f r o t h  a p ­
p e a re d  c o r r e s p o n d in g  to  ( 1 )  abov e . W ith sm a ll  temp® d i f ­
f e r e n c e s  t h e  l i q u i d  came o u t  i n  s l u g s ,  t r a v e l l i n g  a t  h ig h  
v e l o c i t y ,  w i th  q u i e t  i n t e r v a l s  b e tw een  th e  s l u g s .  T h is  c o r ­
re s p o n d s  t o  t h e  seco nd  ty p e  o f  a c t i o n .
As th e  temp* d i f f e r e n c e  and t h e  b o i l i n g  l e n g t h  
i n c r e a s e d ,  two ty p e s  o f  s p r a y ,  c o a r s e  and  f i n e ,  b e g an  to  
a p p e a r .  The c o a r s e  s p ra y  seemed to  b e  t r a v e l l i n g  a t  a  much 
s lo w e r  v e l o c i t y  th a n  th e  f i n e  s p r a y .  The f i n e  s p ra y  seemed 
to  be  i n  th e  c a n t r e  o f  th e  t u b e ,  w h e reas  t h e  c o a r s e  was on
CW)
t h e  o u ts id e *  The c o a r s e  s p ra y  a p p e a re d ,  i n  m ost c a s e s ,  
to he  blown o u tw a rd ,  vfo ile  t h e  f i n e  s p ra y  t r a v e l l e d  up to  
th e  d e f l e c t o r  i n  a  s t .  l i n e *
I f  t h e r e  were a  f i lm  o f  l i q u i d  on th e  w a l l s  o f  
th e  t u b e ,  i t  would te n d  to  he  blow n o u tw a rd ,  i n  t h e  form  
o f  s p r a y ,  a s  soon a s  th e  r e t a i n i n g  w a l l s  o f  th e  tu b e  were 
rem oved. On th e  o t h e r  h a n d ,  i f  t h e r e  were d ro p s  o f  l i q u i d  
i n  th e  v a p o u r  s t r e a m ,  th e y  would t e n d  to  t r a v e l  i n  a stjvo^Ws 
l i n e  f o r  a t im e ,  due to  t h e i r  momentum, even tho ugh  th e  
l i n e  o f  m o tio n  o f  t h e  v a p o u r  changed* H ence, i t  a p p e a r s  
t h a t  a c t i o n  a c c o r d i n g - t o  ( 3 )  above does  a c t u a l l y  t a k e  p l a c e  
w i th  th e  a d d i t i o n  o f  a  phenomenon n o t  y e t  e x p la in e d *
K irschbaum  and h i s  a s s o c i a t e s  \_ F o r s c h u n g s h e f t , 
375 , H o v .-D e c . ,  1935 , Page  l }  showed t h a t  i n  t h e  b o i l i n g  
s e c t i o n  th e  temp* d i s t r i b u t i o n  a c r o s s  t h e  tu b e  was p r a c t i ­
c a l l y  u n ifo rm  f o r  a lm o s t  th e  e n t i r e  c r o s s - s e c t i o n ,  b u t  i t  
c lim b ed  v e ry  r a p i d l y  a t  t h e  w a l l s .  S in c e  th e  s t a t i c  p2#3s u r e  
a t  th e  w a l l s  would be  t h e  same a s  t h a t  a t  t h e  c jn tre  o f  th e  
t u b e ,  b o i l i n g  sh o u ld  o c c u r  a t  t h e  w a l l .  The f o r m a t io n  o f  
a  b u b b le  o f  v a p o u r ,  and i t s  su b se q u e n t  r e l e a s e  i n t o  t h e  m ain 
v ap o u r  s t r e a m ,  by b u r s t i n g ,  u n d o u b te d ly  would t e n d  to  p r o ­
duce drops*  Some o f  t h e s e  would be  th row n  o v e r  t o  t h e  o t h e r  
s i d e  o f  th e  t u b e ,  i . e . ,  b a ck  i n to  t h e  l i q u i d  f i l m .  The r e ­
m a in d er  m igh t s t a y  in  th e  v a p o u r  s t re a m  to  form  th e  f i n e  
s p ra y  o b se rv e d .
C<^)
H ence , i t  would a p p e a r  t h a t  i n  p r o g r e s s i n g  u p ­
ward from  th e  h o i l i n g  l e v e l ,  a  s e c t i o n  o f  f r o t h  i s  fo u n d ,  
th e n  s lu g  a c t i o n ,  fo l lo w e d  by f i l m  a c t i o n ,  su p e r im p o sed  
upon which t h e r e  may he more o r  l e s s  s p r a y .  The tem p, d i f ­
f e r e n c e  and th e  h o i l i n g  l e n g t h ,  and p o s s i b l y  t h e  amount o f  
l i q u i d  p r e s e n t ,  d e te rm in e  t h e  a c t i o n  o c c u r r i n g  a t  t h e  o u t ­
l e t  o f  t h e  t u b e .  The r e l a t i o n  be tw een  t h e  o p e r a t i n g  v a ­
r i a b l e s  and th e  ty p e s  o f  a c t i o n  i s  n o t  y e t  known. S t ro e b e  
e t  a l 4 ^ c o n f irm ed  th e  above o b s e r v a t i o n s  and fo u n d  t h a t  
fo r  h ig h  A t ,  t h e  c o a r se  sp ra y  d im in is h e d  o r  e n t i r e l y  d i s ­
ap p ea re d ,  s u g g e s t in g  t h a t  t h e  f i l m  became t h i n n e r  to w a rd s
the  t o p ,  d i s a p p e a r in g  i n  some c a s e s ,  l e a v i n g  t h e  to p  o f  t h e
44tube  d r y .  B rooks and Badger m easu red  t h e  tem p, d i s t r i ­
b u t io n  i n  an  LTV e v a p o r a to r  ( s i n g l e  Cu Tube, 1 .7 6  i n . x 2 0 f t . ) 
True o v e r a l l  C o e f f s . , 1%, f o r  t h e  b o i l i n g  s e c t i o n  were d e ­
te rm in e d  f o r  d i s t i l l e d  w a te r  b o i l i n g  a t  tem p s , r a n g in g  from  
150 to  200°F . The d a t a  show t h a t  U3 i n c r e a s e d  w i th  i n c r e a s e  
i n  t h e  f r a c t i o n  o f  th e  f e e d  e v a p o r a te d .  S t r o e b e ,  B aker and  
Badger4 ^ u se d  th e  same a p p a r a tu s  and b o i l i n g  p o i n t s  f o r  
w a te r ,  s u g a r  s o l u t i o n s  & "Duponol" s o l u t i o n ,  b u t  i n j e c t e d  
enough l i v e  s team  to  o b t a i n  a  b o i l i n g  th ro u g h o u t  th e  t u b e .  
The v a lu e s  o f  ra n g e d  from  1160 to  2640 vfoich a r e  c o n s i ­
d e ra b ly  lo w e r  th a n  th o s e  o b t a i n e d  by B o a r t s  w i th  f o r c e d  
c i r c u l a t i o n .
c<^>
S tro e b e 4^ e t  a l  gave th e  f o l lo w in g  c o r r e l a t i o n  
f o r  th © ir  r e s u l t s :  -
C o . i  
t j f  x io  . yy
^ 1 ( ^ f c £ ) 03
where, h-j_ = B o i l i n g  l i q u i d  F ilm  C o e f f . , B .T h .U /h r /
S 4 . f t / ° F ,
ri
v  = Sp. Volume o f  v a p o u r ,  f t  / l b . ,  
cr -  S u rfa c e  t e n s i o n ,  and 
Atj_ = l i q u i d  f i l m  tem p, d i f f e r e n c e ,  °F .
The e f f e c t  o f  h s u r f a c e  t e n s i o n  on h^ was h i g h .  F o r  exam ple 
in  a ru n  w i th  w a te r ,  e n t e r i n g  a t  a  v e l o c i t y  o f  0 . 2 f t / s e c .  
and a  t e m p e r a tu re  o f  155°F i n  v a p o u r  s e p a r a t o r ,  was 1 500 , 
b u t  on a d d in g  a  sm a l l  c o n c e n t r a t i o n  o f  a  w e t t i n g  a g e n t ,  
Buponol, h^  i n c r e a s e d  to  3100 and Ifg i n c r e a s e d  from  540 to  
710 u n i t s .  I t  i s  s u r p r i s i n g  t h a t  At^ s h o u ld  have  :ca u se d  
any r e d u c t i o n  i n  h-j_, how ever s m a l l .  The a u th o r s  e x p la in e d  
t h i s  by  assu m ing  t h a t ,  w i th  low  f e e d  r a t e s ,  o n ly  a  p a r t  o f  ih e  
tu b e  was w e t te d  by t h e  l i q u i d ,  l e a v i n g  t h e  r e m a in d e r  d r y .
C e s sn a ,  L ie n tz  and Badger49 r e p o r t e d  o v e r a l l  c o e f f s .  
f o r  a  v e r t i c a l  copper tu b e  ( 1 .2 5  i n .  x  1 8 .5  f t . )  and  c a l c u l a ­
t e d  t r u e  o v e r a l l  c o e f f s . ,  IJjjg and Ug, f o r  th e  n o n - b o i l i n g  
and th e  b o i l i n g  s e c t i o n s  f o r  w a te r  and  s o l u t i o n s  c o n t a i n i n g  
from 30 to  50 p e r  c e n t  s u c r o s e .  i£h e  v a l u e s  o f  w ere
c o r r e l a t e d  by  th e  n a t u r a l - c o n v e c t i o n  ty p e  fo rm u la  : -
% B  = I * ) H e .
C essna  and B adger50 u s e d  a  v e r t i c a l  co p p er  tu b e  
( 0 .6 5  i n .  x  1 8 .5  f t . )  and r e p e a t i n g  t h e  above work ( R e f . 4 9 ) ,  
gave a  com plex e q u a t io n  f o r  c o r r e l a t i n g  th e  maximum tem pe­
r a t u r e  o f  t h e  l i q u i d  in  th e  tu b e  and r e p o r t e d  o v e r a l l  co -  
e f f s . , U|j£ and 8 3 .
The S h o r t-T u b e .  V e r t i c a l .  E v a p o r a to r .
I t  i s  e s s e n t i a l l y  o f  t h e  n a t u r a l - c i r c u l a t i o n  
ty pe  and i s  q u i t e  g e n e r a l l y  u s e d .  The t u b e s  may r a n g e  
from 1 i n .  -  4 i n s .  i n  d i a . , from  30 i n s .  to  6 f t .  l o n g .
B adger and S h e p a r d ^  u se d  a  b a s k e t  ty p e  e v a p o ra ­
t o r  c o n t a in i n g  24 i r o n - t u b e s  ( 2 i n .  x  2 f t . )  and f o u n t  t h a t  
th e  o v e r a l l  c o e f f .  ,U, i n c r e a s e d  w i th  I n c r e a s e  i n  t h e  o v e r ­
a l l  tem p. d ro p ,/y fc0 , and w i th  i n c r e a s e  i n  th e  t e m p e r a tu r e  
o f  b o i l i n g .
Webre &Robinson{ " E v a p o r a t io n ” -  Chem ical C a ta ­
l o g  Co . ,  1926) p r e s e n t e d  a  t h e o r e t i c a l  a n a l y s i s  o f  t h e  r a t e  
o f  l i q u i d  c i r c u l a t i o n  i n  e v a p o r a t o r s .  T h is  a n a l y s i s  was
n e i t h e r  a c c u r a t e  n o r  a p p l i c a b l e  o v e r  a  v a r i e t y  o f  c o n d i -
53t i o n s .  L in d en  and M o n t i l lo n  p r e s e n t e d  a  v e ry  a c c u r a t e  
s tu d y  o f  c i r c u l a t i o n  u s i n g  a  s i n g l e  4 f t .  l o n g  i n c l i n e d  
tu b e  e v a p o r a to r .
4 -3F o u s t ,  B aker and B adger s t u d i e d  e v a p o r a t i o n  o f  
w a te r  i n  a  b a s k e t  ty p e  e v a p o r a to r  ( s t e e l ;  t u b e s ,  2 ,5  i n . o . d .
( 6 5 )
x  4 f t . ) u n d e r  re d u c e d  p r e s s u r e  and m easu red  c i r c u l a t i o n  
by a p i t o t  t u b e .  The o v e r a l l  c o e f f .  i n c r e a s e d  w i th  low ­
e re d  l e v e l  o f  th e  l i q u o r ,  w i th  i n c r e a s e d  o v e r a l l  A t ,  and 
w i th  i n c r e a s e d  b o i l i n g  p o i n t .  The v e l o c i t y  r a n g e d  from  
1 t o  4 f t / s e c .  and f o r  e ac h  v a lu e  o f  o v e r a l l  tem p, d rop  
went th ro u g h  a  maximum w i th  r e s p e c t  to  l i q u o r  l e v e l .  Ap­
p a r e n t  v a lu e s  o f  U ra n g e d  from  76 to  30 9 , and t r u e  v a l u e s  
from 78 to  340.
THE FORCED-CIRCUIATIOH IffiAPORATOR.
These m ach ines a r e  s h o r t e r  ( u s u a l l y  3 /4  n I .D .  
x  8 f t .  lo n g )  th a n  th e  LTV e v a p o r a to r s  and  a  h ig h  v e l o c i ­
ty  i n s i d e  th e  tu b e  i s  o b t a in e d  by f o r c e d  c i r c u l a t i o n .
S ince  t h e  r a t e  o f  f e e d  i s  u s u a l l y  v e r y  h i g h ,  a  h ig h  r a t e  
o f  h e a t  t r a n s f e r  i s  o b t a i n e d ,  b u t ,  a s  t h e  tu b e s  a r e  r a t h e r  
s h o r t ,  l i t t l e  o f  no b o i l i n g  o c c u r s  i n  t h e  t u b e s .  As th e  
f e e d  i s  d i s c h a r g e d  i n to  t h e  v ap o u r  sp a c e  i t  u n d e rg o e s  
f l a s h i n g  r e l e a s i n g  th e  v a p o u r .  T h is  e v a p o r a to r  i s  e s p e ­
c i a l l y  s u i t e d  f o r  foamy l i q u i d s ,  f o r  v i s c o u s  l i q u i d s ,  and 
f o r  th o s e  vjhich t e n d  to  d e p o s i t  s c a l e  o r  c r y s t a l s  on t h e  
h e a t i n g  s u r f a c e s .
B a d g er ,  Monrad and Diamond48  r e p o r t e d  f i l m  and  
o v e r a l l  c o e f f s .  f o r  c o n c e n t r a t e d  c a u s t i c  s o l u t i o n s  f o r  a  
v e r t i c a l ,  H ie k e l  tu b e  h e a t e d  by c o n d e n s in g  v a p o u rs  o f
c t y
d ip h e n y l .  O v e r a l l  e o e f f s .  f o r  g e l a t i n e  and m o la s s e s  s o -
A l l
l u t i o n s  a r e  g iv e n  "by C o a te s  and B ad g er .
L ogan, P rag en  and B adger^2 u s i n g  a sem i-comm er- 
c i a l  e v a p o r a to r  ( Cu t u b e s ,  8f t .  x  0 .7 5  i n .  i . d . ) f o r  s u ­
c ro s e  s o l u t i o n s  found  t h a t  c o e f f s .  c a l c u l a t e d  By t h e  D i t -  
t u s - B o e l t e r  e q u a t io n  were s l i g h t l y  h i g h e r  th a n  t h e i r  r e ­
s u l t s  which c o u ld  he c o r r e l a t e d  w i t h i n  10 perc«*tby
They th o u g h t  t h a  
s u l a t i n g  e f f e c t  o f  th e  v a p o u rs  i n  c o n ta c t  w i th  t h e  tu b e  
w a l l  i n  t h e  h o i l i n g  s e c t i o n  t e n d in g  t o  lo w e r  th e  c o e f f .
B o a r t s  e t  a l 4 6 , u s i n g  a  s i n g l e  co p p er  tu h e  
(18 f t .  x  0 .7 6  i n .  i . d . )  e v a p o ra te d  d i s t i l l e d  w a te r  a t  
a p p a re n t  h o i l i n g  p o i n t s  o f  140° to  212°P  and r e p o r t e d  
f i lm  c o e f f s . , tem p, m easurem ents  h a v in g  h e en  made w i th  
w a l l  th e rm o co u p le s  and a t r a v e l l i n g  th e rm o c o u p le .  W ith  
no h o i l i n g  and  Re ahove 6 5 ,0 0 0 ,  3 ^ ,  b a s e d  on th e  l e n g t h  
mean tem p, d ro p ,w as  1 .2 6  t im e s  t h e  v a lu e  p r e d i c t e d  hy 
th e  L. and  B. e q u a t io n .  With a p p r e c i a b l e  h o i l i n g  ( e v a ­
p o r a t i o n  up to  6 .5  tj£*'*c . )  t h e  r e s u l t s  were h i g h e r  hy 
140 perc t,*£  •
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Ah i s  m igh t he  due to  t h e  i n -
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f o l l o w  th o s e  o f  O l i v e r 55 who worked w i th  a  s h o r t ,  v e r t i c a l  , 
n i c k e l  tu b e  (0 ,4 9 5  i n .  x  1 .7 2  f t . ) ,  f o r  Re g r e a t e r  th a n  
6 5 ,0 0 0 ;  i n  t h e  c a se  o f  b o th  i n v e s t i g a t o r s , b o th  f l u x  
and f i l m  c o e f f .  i n c r e a s e  w i th  A t .
Mechanism o f  H eat T r a n s f e r  3n a  F o r c e d - C i r c u l a t i o n  E v a p o r a to r :
B ased on h i s  o b s e r v a t i o n s  B o a r t s 4 ^ gave an  ex ­
p l a n a t i o n  o f  th e  mechanism o f  h e a t  t r a n s f e r  i n  a  f o r c e d -  
c i r c u l a t i o n  e v a p o r a to r .
The l i q u i d  e n t e r s  th e  tu b e s  o f  t h e  e v a p o r a to r  
a t  s u b s t a n t i a l l y  t h e  tem p, i n  t h e  v a p o u r  s p a c e ,  and g e t s  
s u p e rh e a te d  above t h i s  tem p, i n  g o in g  up th e  t u b e .  The 
l i q u i d  i s  k e p t  from  v a p o r i s i n g  by t h e  h y d r o s t a t i c  and  th e  
f r i c t i o n  h e a d s  above i t .  I n  t h i s  r e g i o n  th e  D i t t u s  and 
B o e l t e r  e q u a t io n  h o l d s .  T h is  e q u a t io n  i s  b a s e d  on t h e  
E u s s e l t  t h e o r y  o f  h e a t  t r a n s f e r  to  l i q u i d s  i n  p i p e s  b a s e d  
on c o n d u c t io n  th ro u g h  th e  v i s c o u s  f i l m  and c o n v e c t io n  
th ro u g h  t h e  b u lk  o f  t h e  l i q u i d .  For c o n d e n s in g  o f  s team  
on th e  o u t s i d e  o f  p ip e s  i t  i s  now w e l l  known t h a t  d ro p -  
w ise  c o n d e n s a t io n  can  p ro d u ce  c o e f f  s .  4 to  8 t im e s  t h o s e  
f o r  v i s c o u s  f i l m  c o n d e n s a t io n .  I f  t h e  p r o d u c t i o n  o f  a 
drop o f  w a te r  from  steam  can  be  so much more e f f e c t i v e  
th a n  t r a n s f e r r i n g  h e a t  th ro u g h  a  v i s c o u s  f i lm  o f  conden­
s a t e  on t h e  t u b e ,  t h e n  i t  i s  p o s s i b l e  t h a t  s team  b u b b le
f o r m a t io n  on th e  i n s i d e  o f  t h e  tu b e  would l i k e w i s e  b e  a 
b e t t e r  h e a t  t r a n s m i s s io n  agency  th a n  a  v i s c o u s  f i lm *  The 
m in u te  d rop so form ed i s  rem oved im m e d ia te ly  and conv ec ­
t i o n  i n to  t h e  c o o le r  b u lk  o f  w a te r  c o n d en ses  i t .  Such me­
chanism  would a c c o u n t  f o r  t h e  u n i fo rm ly  h i g h e r  c o e f f s *  o b ­
t a i n e d  th a n  t h e  D* and B* e q u a t io n  p r e d i c t s .
As th e  s u p e rh e a te d  l i q u i d  goes h i g h e r ,  b o th  Re 
and P r .  i n c r e a s e  and so t h e  h e a t  t r a n s f e r  th ro u g h  th e  v i s ­
cous f i l m  i n c r e a s e s  due to  s c o u r in g  e f f e c t s .  A s t a g e  i s  
r e a c h e d  i/yhen s t a b l e  b u b b le  e v o lu t i o n  o c c u r s ,  s i n c e  t h e  h y ­
d r o s t a t i c  and f r i c t i o n  h e a d s  can  no lo n g e r  overcome i t .  
T h is  in d u c e s  a  l a r g e  v e l o c i t y  which r e d u c e s  th e  th e rm a l  
r e s i s t a n c e  o f  t h e  l i q u i d  f i l m  o v e r  t h e  b o i l i n g  s e c t i o n .
The l i q u i d  f i lm  c o e f f s .  f o r  t h e  b o i l i n g  s e c t i o n  were a p ­
p ro x im a te ly  tw ic e  th o s e  f o r  t h e  n o n - b o i l i n g  s e c t i o n .
The tem p, d i f f e r e n c e  d ro p s  sm©othly w i th  i n ­
c r e a s i n g  h e a t  in p u t  i n d i c a t i n g  a  p r o g r e s s i v e  v a p o r i s a ­
t i o n  i n  t h e  t u b e ,  showing t h a t  t u b e - w a l l  and l i q u i d  tem ­
p e r a t u r e s  a r e  i n t e r - d e p e n d e n t .
Hear th e  top  o f  th e  tu b e  a l l  t e m p e r a tu re  d ro p s  
o v e r  t h e  l i q u i d  f i l m  ap p roach  a  c o n s t a n t  v a lu e  f o r  a l l  
v e l o c i t i e s ,  r e q u i r i n g  th e  t u b e - w a l l  tem p, to  r i s e ;  th e  
m eaning  o f  t h i s  i s  somewhat o b s c u re .
I f  t h i s  h y p o t h e s i s  be  t r u e ,  th e  d e t e r m i n a t i o n
o f  "b o ilin g  c o e f f s ,  becomes a  m a t t e r  o f  t h e  d e g re e  o f  th e  
r e l a t i v e  p redom inance  o f  t h e  t h r e e  a c t i o n s .  P o s s i b l y  th e  
b e s t  c o r r e l a t i o n  o f  t h i s  m ixed mechanism would be  on th e  
b a s i s  o f  th e  p e r  c e n t  l i q u i d  e v a p o r a te d .
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The above re v ie w  r e v e a l s  th e  volume o f  work t h a t  
h a s  been  done i n  an a t te m p t  to  d e v e lo p  a  s a t i s f a c t o r y  t h e ­
o ry  o f  b o i l i n g  and o f  h e a t  t r a n s f e r  to  b o i l i n g  l i q u i d s .
The a v a i l a b l e  d a t a  do n o t  l e n d  th e m se lv e s  to  t h e o r e t i c a l  
t r e a tm e n t  o r  even  to  t h e  f o r m u la t i o n  o f  e m p i r i c a l  g e n e r a l i ­
s a t i o n s .  Every w orker h a s  a t t e m p te d  to  c o r r e l a t e !  d a t a  b u t  
t h e s e  c o r r e l a t i o n s  a re  o n ly  e m p i r i c a l  and a p p ly  to  th e  
p i e c e  o f  • £  * u se d  and th e  r a n g e  c o v e red  w i th  r e g a r d  to  
im p o r ta n t  v a r i a b l e s .  The f a c t o r s  which e n t e r  t h e  p rob lem  
a r e  many. ISo t  a l l  o f  them a r e  u n d e r s to o d .  T here  i s  no 
ag reem en t y e t  on t h e  q u a n t i t a t i v e  e f f e c t s  o f  t h o s e  t h a t  
a r e  known. Sometimes t h e r e  i s  d i f f e r e n c e  o f  o p in io n  even 
w i th  r e g a r d  to  th e  q u a l i t a t i v e  e f f e c t  o f  o t h e r s .
Each s o l i d - l i q u i d  p a i r  h a s  to  he  t r a t e d  on i t s  own m e r i t s  
a s  i n  th e  s c i enfcf t - . of  s u r f a c e  c h e m is t r y .  I n  e m p i r i c a l  
c o r r e l a t i o n s  o f  theco^«fcr4r to  v a r i o u s  p h y s i c a l  p r o p e r ­
t i e s ,  t h e  p r o p e r t i e s  o f  t h e  l i q u i d  a lo n e  have  been  i n ­
t r o d u c e d  to  th e  n e g l e c t  o f  t h o s e  o f  t h e  s o l i d .  I t  may 
w e l l  he  t h a t  a  more im p o r ta n t  p r o p e r t y  th a n  t h e  s u r f a c e  
t e n s io n * o f  th e  l i q u i d  i s  a d h e s io n  o f  th e  l i q u i d  to  t h e  
s o l i d  s u r f a c e ,  a  q u a n t i t y  w hich  h a s  th e  m e r i t  o f  t a k i n g  
i n to  acco u n t  t h e  n a tu r e  -of th e  s u r f a c e .
C H A P T E R .  I.
THE QLAS3~TUBS, VERTICAL, NATURAL- 
CIRCULATIOH EVAPORATOR.
CHAPTER I
The P y re x  Q la ss-T u b e , V e r t i c a l ,  N a t u r a l - C i r c u l a t i o n ,
E v a p o ra to r  .
T h is  c h a p te r  d e a l s  w i th  i n v e s t i g a t i o n s  which 
have b een  made w i th  a  P y re x  g l a s s - t u b e ,  n o t  m ere ly  f o r  ob­
s e r v a t i o n s  on th e  n a tu r e  o f  b o i l i n g  o f  t h e  v a r i o u s  l i g u i d s  
b u t  a l s o  f o r  f i n d i n g  o v e r a l l  c o e f f i c i e n t s ,  b o th  f o r  t h e  
e n t i r e  tu b e  and f o r  th e  B o i l i n g - S e c t  io n ,  f o r  w a t e r ,  0 ,1  
T erm in a l  W.A. ( a n  I . C . I .  w e t t i n g  a g e n t )  Aqueous S o l u t i o n ,  
95 .6  ^  E th y l  A lcoho l and T o lu e n e ,  a t  t e m p e r a tu r e s  f a r  
below  t h e i r  b o i l i n g  p o i n t s  u n d e r  a tm o sp h e r ic  p r e s s u r e .  One 
s p e c i a l  f e a t u r e  o f  th e  e x p e r im e n ta l  t e c h n iq u e  i s  t h e  u s e  
o f  h o t  w a te r ,  a t  a  h ig h  v e l o c i t y ,  f o r  h e a t i n g  th e  t u b e ,  
and th e  o t h e r  i s  t h e  u se  o f  a  D i f f e r e n t i a l  Therm ocouple 
System f o r  m ea su r in g  th e  te m p e r a tu re  d rop  from  h o t  w a te r  
to  f e e d  l i q u i d ,  a l l  a lo n g  t h e  l e n g t h  o f  t h e  t u b e .
There  i s ,  a s  f a r  a s  i s  knovm, no r e c o r d  o f  any 
such  e v a p o r a to r  h a v in g  b e e n  u se d  f o r  th e  s tu d y  o f  h e a t  
t r a n s f e r  to  b o i l i n g  l i q u i d s .  The o n ly  u se  o f  g l a s s - t u b e s ,  
i n  such s t u d i e s ,  seems to  h av e  b e en  c o n f in e d  to  o b s e r v a ­
t i o n s  on th e  n a tu r e  o f  b o i l i n g  ( s e e ,  f o r  exam ple , B rooks
4 4 1and B adger )•
e ? i )
W )
The A p p a ra tu s .
The com ple te  assem bly  i s  shovm i n  F ig .  1 . 2 ,  and 
th e  g l a s s - t u b e ,  a lo n g  w i th  i t s  j a c k e t  and th e  f e e d e r , i s  
shown i n  F i g .  1 . 1 .
The e v a p o ra to r  u n i t  c o n s i s t e d  o f  a Pyreja g l a s s -  
tu b e  ( 7 / 8  i n .  O.D. x  3 /4  i n .  I . P .  x  9 f t .  lo n g )  w i th  a  
Q u i c k - f i t  g r o u n d - g la s s  j o i n t  a t  each end . T h is  tu b e  was 
h e a te d  f o r  7 f t .  104 i n .  o f  i t s  l e n g t h  by h o t  w a te r  c i r ­
c u l a t e d  a t  t h e  r a t e  o f  a b o u t  20 g a l l s / m i n .  th ro u g h  th e
9P y re x  g l a s s - t u b e  j a c k e t  ( 1 ^  i n .  O.D. x  8 f t .  1 i n .  l o n g ) .  
The e v a p o ra to r  tu b e  and i t s  j a c k e t  were h e ld  t o g e t h e r  by 
means o f  ru b b e r - b u n g s .  The j a c k e t  h ad  two s i d e - t u b e s ,  
abou t 7 /8  i n .  O.D. by 3 i n .  l o n g ,  f u s e d  n e a r  th e  b o t to m  
and t h e  t o p ,  to  s e rv e  a s " i n l e t "  and " o u t l e t "  f o r  h o t  w a te r .  
A s t r a i g h t  p i e c e  o f  g l a s s - t u b e  ( 7 / 8  i n .  O.D. x  1 f t .  lo n g )  
w ith  a  4  i n .  i . d .  s i d e - t u b e  f u s e d  a t  a b o u t  3 i n .  from  th e  
t o p ,  had  a  Q u i c k - f i t  j o i n t  a t  t h e  lo w e r  en d , and f i t t e d  
th e  top  o f  t h e  e v a p o r a to r  t u b e .  Through a  ru b b e r -b u n g  
f i t t e d  t o  t h e  u p p e r  end o f  t h i s  t o p - p i e c e ,  p a s s e d  a i n .  
O.D. g l a s s - t u b e  th e rm o co u p le  p o c k e t  e x te n d in g  to  t h e  l e v e l  
o f  th e  b o tto m  o f  t h e  h e a t i n g  j a c k e t .  T h is  th e rm o co u p le  
p o c k e t  was c e n t r e d  by means o f  :: 3 - l e g g e d  " s p i d e r s "  f i x e d  
a t  1:::. 3 f t .  i n t e r v a l s .
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Each o f  t h e  s i d e - t u b e s  o f  t h e  h e a t i n g  j a c k e t  
had  a  J  i n .  O.D. g l a s s - t u b e  p o c k e t  f u s e d  in to  i t  f o r  h o l d ­
in g  a  th e rm o m ete r  and a  th e rm o c o u p le .
The lo w e r  s i d e - t u b e  o f  th e  j a c k e t  was co n n ec ­
t e d  by means o f  a  r e i n f o r c e d  r u b b e r - t u b i n g  to  a  1 - i n c h  
Copper h o s e ,  com m unicating  w i th  a  2 0 0 - g a l lo n  c a p a c i t y  h o t -  
w a te r  t a n k  through, a  c e n t r i f u g a l  pump. A m e ta l  tu b e  s i ­
m i l a r l y  c o n n e c te d  to  th e  u p p e r  s i d e - t u b e  s e rv e d  to  r e t u r n  
th e  h o t - w a t e r  b ack  to  th e  t a n k .
The s id e -a rm  o f  th e  ibop-p iece  o f  t h e  e v a p o r a to r  
tube  was c o n n e c te d  by means o f  r u b b e r  tu b e  to  a  S e p a r a t o r . 
T his was a  S t a i n l e s s  S t e e l  c y l i n d e r ,  14 i n .  l o n g  by 3^  i n .  
O.D. w i th  a  t a n g e n t i a l  i n l e t .  An S .S .  p ip e  ( 5 i  i n .  l o n g  
x  l j g  i n .  O . D . ) was w elded  to  t h e  b a s e  o f  th e  S e p a r a t o r  
and d r a i n e d  o f f  th e  l i q u i d  r e s i d u e s  to  r e c e i v e r s .  A cu rv e d  
1^ i n .  O . D . ,  S .S .  p i p e ,  w elded  to  t h e  to p  o f  t h e  s e p a r a t o r  
and to  t h e  i n l e t  o f  t h e  c o n d e n s in g  sy s te m , s e r v e d  to  r e ­
move th e  v a p o u r .
The c o n d en se r  was U -shaped  w i th  two u p r i g h t  l im b s  
j a c k e t e d  w i th  w a te r .  I t  was made o f  S t a i n l e s s  S t e e l  p i p e ,  
i n .  O .D . ,  and  th e  l im b s  were 6 f t .  and  3 f t .  l o n g ,  r e s ­
p e c t i v e l y .  The condensed  v a p o u r  d r a in e d  i n to  t h e  conden­
s a t e  r e c e i v e r , a  g r a d u a t e d ,  1 5 - l i t r e ,  P y re x  A s p i r a t o r .
The l i q u i d  r e s i d u e s  f lo w e d  i n to  two a s p i r a t o r s ,
O )
24  l i t r e s  and 54 l i t r e s ,  r e s p e c t i v e l y ,  one above th e  o th e r  
and jo in e d  by a  g la s s - tu b e  h a v in g  a  s to p -c o c k .  The 54 l i t r e  
v e s s e l  was g ra d u a te d  in  50 c . c .  d i v i s io n s  and h a d  a  l e a d  
to  vacuum and a n o th e r  to  th e  a tm o sp h e re , each  th ro u g h  a  
s to p -c o c k .  T h is  a rran g em en t a llo w e d  th e  lo w e r , g ra d u a te d  
v e s s e l  to  be  e m p tie d , r e - e v a c u a te d  and th e n  c o n n e c te d  to  
th e  u p p e r  r e c e i v e r  w ith o u t d i s t u r b in g  th e  e x p e r im e n t. A 
4 i n .  O.D. tu b e  w elded  to  th e  to p  o f  th e  s h o r t  c o n d e n se r  
tube  p ro v id e d  a  vacuum l e a d .  The vacuum was p ro v id e d  by 
a vacuum pump co n n ec te d  to  t h e  a p p a ra tu s  th ro u g h  a  t r a p  
and a d ry in g  to w e r . I t  was m a in ta in e d  a t  th e  d e s i r e d  l e ­
v e l  by means o f  a  h a n d -o p e ra te d  n e e d le  v a lv e .
The f e e d  e n te re d  th e  tu b e  th ro u g h  a  m ea su rin g  
d e v ic e , c o n s i s t i n g  o f  a  g la s s -fc e a d  in  a  t a p e r in g  g l a s s -  
tu b e . R a te s  w ere c o n t r o l l e d  by a  s to p -c o c k  and m easu red  
u l t im a te ly  by w e ig h in g .
The p u rp o se  o f  u s in g  h o t w a te r  a t  a  h ig h  ve#  
l o c i t y  f o r  h e a t in g  th e  tu b e  was to  have  th e  f i lm  c o e f f .  
o f  th e  h e a t in g  a g e n t to  be  m a in ta in e d  a t  a  h ig h  c o n s ta n t  
v a lu e .
The D e a e ra t in g  F e e d e r -
The f e e d e r  m en tio n ed  e a r l i e r  and  
shown i n  F ig .  1 .1  was u se d  o n ly  f o r  some p r e l im in a r y  i n ­
v e s t i g a t i o n s .  I t  was fo u n d  t h a t  much a i r  le a k e d  in to  th e
c rr)
system  th ro u g h  i t s  s to p -c o c k . C o n se q u e n tly , i n  a l l  th e  
t e s t s  r e p o r t e d  h e r e ,  th e  D e a e ra t in g  F e e d e r  shown i n  P ig ,  
1 ,1 1  was u s e d .  I t  was c o n n e c te d  d i r e c t l y  to  th e  vacuum 
l i n e  a t  a  p o in t  h i ^ i e r  th a n  th e  to p  o f  th e  e v a p o ra to r .
T h is  a llo w e d  m ost o f  th e  a i r  to  he  g o t  r i d  o f ,  b e fo r e  th e  
fe e d  e n te r e d  th e  e v a p o ra to r  tu b e .
T em peratu re  M easurem ent: -
The te m p e ra tu re  o f  h e a t in g  w a te r  
a t  i n l e t  and o u t l e t  was r e a d  d i r e c t l y  by th e rm o m ete rs  in  
th e  a p p ro p & ria te  th e rm o p o c k e ts . The te m p e ra tu re  o f  th e  
f e e d , b e fo r e  e n te r in g  th e  tu b e ,  was s i m i l a r l y  r e a d  from  a 
therm om eter in  th e  f e e d  c o n ta in e r .
The a c tu a l  te m p e ra tu re  d rop  from  th e  h e a t in g  
w ater to  th e  l i q u i d  in s id e  th e  tu b e  was m easu red  by m eans 
o f  a  d i f f e r e n t i a l  th e rm o co u p le  sy s te m .
The D i f f e r e n t i a l  Therm ocouple System ; -
T h is  i s  shown
d ia g r a m a t ic a l ly  in  F ig ,  1 , 3 ,  A D’A rso n v a l Type G alvano­
m ete r was u se d  to  m easure d i f f e r e n t i a l  E .M ,F .
The th e rm o co u p le s  w ere made from  Copper and 
E ureka  w i r e s ,  each  24 S,W ,G, and  ja p a n n e d  f o r  i n s u l a t i o n ,
A th erm o co u p le  was f ix e d  a t  th e  rri n l e t 11 and  a t  th e  no u t -  
l e t T o f  th e  h e a t in g  j a c k e t ,  A t h i r d  c o u p le ,  known a s  th e  
T r a v e l l in g  T herm ocoup le , was made to  r e c o r d  th e  te m p e ra ­
t u r e  o f  th e  f e e d  l i q u i d  i n s i d e  th e  e v a p o ra to r  tu b e*  and  
i t  moved in s id e  a  g l a s s - tu b e  p o c k e t .  The two w ire s  o f
F I G .  V 3 .
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th e  t r a v e l l i n g  th erm o co u p le  w ere tw i s t e d  to g e th e r  to  im­
p a r t  them  s t r e n g th  and th u s  p re v e n t  them from  k in k in g  
when th e  th e rm o co u p le  was moved up and down th e  therm o -  
p o c k e t .
The f r e e  ends o f  th e  t h r e e  E u rek a  w ire s  w ere 
s o ld e re d  to g e th e r  to  form  a  T r ip le  J u n c t io n .  Prom P ig .
1 .3  i t  i s  e v id e n t  t h a t ,  by means o f  th e  two-way k e y , 
e i t h e r  th e  TTi n l e t ” o r  th e  " o u t l e t 11 th e rm o co u p le  c o u ld  he 
m atched a g a in s t  th e  t r a v e l l i n g  th e rm o c o u p le .
The t r a v e l l i n g  th e rm o co u p le  was m arked w ith  
w h ite  p a in t  a t  s u i t a b l e  i n t e r v a l s  ( so t h a t  i t s  p o s i t i o n  
co u ld  he checked ) and f i x e d  o v e r  a p u l le y  so a s  to  p a s s  
even ly  up and  down th e  tu b e .
C a l ib r a t io n  o f  th e  T herm ocoup les: -
The ,fi n l e t ” and " o u t ­
l e t ” th e rm o co u p le s  w ere i n s e r t e d  in to  t h e i r  r e s p e c t iv e  t h e r ­
m opockets o f  th e  h e a t in g  j a c k e t  s i d e - t u b e s ,  t o g e th e r  w i th  
a th e rm o m e te r . H ot w a te r  a t  e i t h e r  50°C o r  80°C , th e  
two o p e r a t in g  te m p e r a tu re s ,  was c i r c u l a t e d  th ro u g h  th e
j a c k e t .  T h e " t r a v e l l in g  th e rm o co u p le "  was i n s e r t e d  in to
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a g l a s s - tu b e  s h e a th ,  1 f t .  lo n g ( >r> x  i n .  O .D ., k e p t  
i n  a  b a th  o f  w a te r  whose te m p e ra tu re  c o u ld  b e  m a in ta in e d  
a t  any d e s i r e d  l e v e l .
D e f le c t io n s  o f  th e  g a lv a n o m e te r  s p o t  c o r re s p o n d ­
in g  to  any g iv e n  te m p e ra tu re  d i f f e r e n c e  w ere r e c o rd e d  f o r
0 0 )
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b o th ' th e  " i n l e t ” and th e  " o u t l e t "  th e rm o co u p le  by in c lu d ­
in g  each  in  th e  c i r c u i t  by t u r n s .  Then f o r  each  o f  th e  
" i n l e t "  and th e  " o u t l e t "  th e rm o c o u p le , a  g rap h  o f  v s .  
D e f le c t io n  was p l o t t e d  ( F i g s .  1 .3 1  & 1 .3 2 ) .  A d e f l e c t i o n  
o f  X d i v i s io n s  f o r  Y°C was o b ta in e d  so t h a t  te m p e ra tu re  
d i f f e r e n c e  c o u ld  b e  re c o rd e d  to  -  o .0 5 °C .
E xperim en t P ro c e d u re : -
Hot w a te r ,  from  th e  h o t - w a te r  t a n k ,  
was c i r c u l a t e d  through, th e  e v a p o ra to r  j a c k e t .  The h o t  wa­
t e r  ta n k  was h a n d -c o n t r o l le d  a t  a  s te a d y  te m p e ra tu re  by 
d i r e c t  s team . T h is  was e i t h e r  80°C o r  50°C a c c o rd in g  to  
th e  e x p e rim e n t b e in g  c a r r i e d  o u t .  F or exam ple , i n  ex p e-
0nv
r im e n ts  on w a te r  a n d ^ to lu e n e  i t  was a lw ays m a in ta in e d  a t  
80°C and in  e x p e rim e n ts  on e th y l  a lc o h o l  i t  was u s u a l ly  
a t  50°C .
§Pie s to p -c o c k  o f  th e  f e e d e r  was c lo s e d ,  c o o lin g  
w a te r  to  th e  c o n d e n se rs  was tu r n e d  o n , th e  w hole sy stem  
c lo s e d  to  th e  a tm o sp h ere  and opened  to  th e  vacuum l i n e ,  
and th e  vacuum pump s t a r t e d .  By m a n ip u la t in g  th e  h a n d -  
v a lv e ,  th e  vacuum was b ro u g h t to  th e  d e s i r e d  l e v e l .  The 
s to p -c o c k  o f  th e  f e e d e r  was now a d ju s te d  to  g iv e  th e  d e ­
s i r e d  r a t e  o f  f lo w .
The " r e s id u e "  and  th e  " c o n d e n sa te "  c o l l e c t e d  
i n  t h e i r  r e s p e c t iv e  r e c e i v e r s .  The a p p a r a tu s  was a llo w e d
(»20
to  ru n  f o r  a b o u t 15 m in u te s  f o r  s te a d y  e o n d .itio n s  to  be  
a t t a i n e d .
The t e s t  was th e n  s t a r t e d ;  th e  l e v e l  o f  th e  l i ­
q u id  i n  th e  " c o n d e n s a te ” r e c e i v e r  was n o te d ,  w h ile  th e  
s to p -c o c k  b e tw een  th e  u p p e r and th e  lo w e r " r e s id u e "  r e ­
c e iv e r s  was c lo s e d .  A ll  th e  l i q u i d  c o l l e c t e d  in  th e  low ­
e r  r e c e i v e r  was ru n  o u t ,  a f t e r  o p e n in g  i t  to  th e  a tm os­
p h e re .  I t  was th e n  c lo s e d  to  th e  a tm o sp h ere  and s lo w ly  
e v a c u a te d  w ith o u t  d i s tu r b in g  th e  p r e s s u r e  in  th e  m ain 
s y s te m ..  I t  was th e n  c o n n e c te d  to  th e  u p p e r  r e c e i v e r .
The fo l lo w in g  r e a d in g s  w ere n o te d  f r e q u e n t ly  
and m a in ta in e d  c o n s ta n t  th rp u g h o u t th e  t e s t ;
(1 )  I n l e t  tem p, o f  th e  h e a t in g  w a te r ;
( 2 )  O u t le t  , ,  , ,  , ,  , ,  , ,
( 3 )  R a te  o f  c i r c u l a t i o n  o f  h o t  w a te r  a s  shown 
by  a  gau g e;
( 4 )  P r e s s u r e  i n  th e  sy s te m ;
and (5 )  Temp, o f  th e  f e e d  in  th e  f e e d  v e s s e l .
R ead in g s o f  th e  te m p e ra tu re  d rop  w ere  s t a r t e d  
by p u sh in g  down th e  t r a v e l l i n g  th e rm o co u p le  to  th e  T ube- 
B ottom , i . e . ,  to  a  p o in t  on a  l e v e l  w ith  th e  lo w e s t  p o in t  
o f  th e  h e a te d  l e n g th  o f  th e  e v a p o ra to r  tu b e ,  and th ro w in g  
th e  s w itc h  on to  t h e " i n l e t "  th e rm o c o u p le . S u c c e s s iv e  
r e a d in g s  w ere ta k e n  up to  h a lf -w a y  up th e  tu b e  a t  1 f t .  
i n t e r v a l s ,  and th e n  th e  s w itc h  was th row n  on to  t h e ”o u t l e t "
th e rm o co u p le  and r e a d in g s  c o n tin u e d  t i l l  th e  t r a v e l l i n g  
th erm o co u p le  re a c h e d  th e  T ube-T op , i e . » th e  h ig h e s t  p o in t  
o f  th e  h e a te d  le n g th  o f  th e  e v a p o ra to r  tu b e .  The pn t h e r ­
m ocouple was th e n  pushed  down g r a d u a l ly  and th e  r e a d in g s  
r e p e a te d .  The mean o f  th e  two r e a d in g s  f o r  each  p o s i t i o n  
was u se d  in  th e  c a l c u l a t i o n s .
S in c e  th e  th e rm o co u p le  was fo u n d  to  have  a  
t im e - la g  o f  a b o u t h a l f - a - m i n u t e , th e  t r a v e l l i n g  th e rm o ­
co u p le  was a llo w e d  to  re m a in  f o r  4 m in . a t  each  p o s i t i o n  
b e fo re  a  r e a d in g  o f  th e  d e f l e c t i o n  was ta k e n .
A t some p o in t  i n  th e  tu b e  a  minimum d e f l e c t i o n  
was fo u n d . The th e rm o co u p le  was moved up and down t h i s  
p o s i t io n  to  f i n d  th e  e x a c t  v a lu e  and p o s i t i o n  o f  t h i s  
minimum.
The two t r a v e r s e s  o f  th e  t r a v e l l i n g  th e rm o co u p le  
h a v in g  b e en  made and  th e  minimum d e f l e c t i o n  and i t s  p o in t  
o f  o c c u rre n c e  h a v in g  b e en  fo u n d , th e  e x p e rim e n t was con­
c lu d e d , and th e  amount o f  c o n d e n sa te  and  r e s id u e  n o te d .
C a lc u la t io n s : -
( 1 )  C o n s ta n ts  o f  th e  T ube. -
H e a te d  l e n g th  o f  th e  tu b e  ( d i s t a n c e  be tw een  th e  
in n e r  ends o f  th e  ru b b e r -b u n g s ) = 7 f t .  1 0 .5  i n .
O u te r  D iam ete r = 0 .8 7 5  i n .
In n e r  , ,  * 0 .7 5 5  i n .
W all T h ic k n e ss  » 0 .0 6  i n .
• . Mean. D iam eter -0 * 8 1 5  in*
• . T o ta l  H e a tin g  A rea  ("based on mean o f  0*D*
& I . D . ) ,  A = i t  1 ib*
=_V_6&1
( 2 )  A tm, A-t^g and Atg
The v a lu e s  o f  d e f l e c t i o n s  
o b ta in e d  f o r  th e  v a r io u s  p o in t s  in  th e  tu b e  w ere  c o n v e r te d  
to  te m p e ra tu re  d i f f e r e n c e s  i n  °F  w ith  th e  h e lp  o f  th e  c a ­
l i b r a t i o n  c u rv e s .  The v a lu e s  o f  l o c a l  At w ere p l o t t e d  
a g a in s t  th e  d i s t a n c e  o f  th e  r e s p e c t iv e  p o i n t s  from  th e  
Tube-Bottom * The p o in t s  w ere jo in e d  b y  a sm ooth c u rv e .
The a r e a  In c lu d e d  betw een  th e  c u rv e  and th e  a x e s  was d i ­
v id e d  by th e  b a s e  to  o b ta in  th e  i n t e g r a t e d  l e n g th  mean 
te m p e ra tu re  d i f f e r e n c e  Ai^* The a r e a  was o b ta in e d  by 
c o u n tin g  sq u a res*
Fig* 1*4 shows some o f  th e  t y p i c a l  c u rv e s  t h a t  
were th u s  o b ta in e d *  I t  w i l l  be  n o t ic e d  t h a t  on p r o g r e s ­
s in g  up from  th e  Tube-B ottom  th e  v a lu e  o f  A t g r a d u a l ly  
d e c re a s e s  to  a  minimum and  th e n  s lo w ly  r i s e s  a g a in .  S in ce  
t h e  te m p e ra tu re  o f  th e  h e a t in g  w a te r  was n e a r ly  c o n s ta n t  
th ro u g h o u t ,  th e s e  c u rv e s  f o l lo w  th e  te m p e ra tu re  o f  th e  
l i q u i d  in  th e  e v a p o ra to r  tu b e ,  an a p p ro ach  to /^a r e c e s s io n
CXfe)
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from  th e  a b s c i s s a  i n d ic a t i n g  an  ap p ro ach  to  o r  a  r e c e s s io n  
from  th e  te m p e ra tu re  o f  th e  h e a t in g  w a te r  in  th e  j a c k e t .
T hese c u rv e s  a r e  s i m i l a r  to  th o s e  o f  B o a r ts 4 ^ 
e t  a l  f o r  Eemp. Drop v s .  D is ta n c e  from  T ube-B ottom . The 
o n ly  d i f f e r e n c e  i s  t h a t  th e  s e c t io n  a f t e r  th e  minimum 
v a lu e  o f  At i s  much g r a t e r .  T hese w ork e rs  (as a ls o  B rooks 
and B adger4 4 ) a t t r i b u t e d  th e  fo rm  o f  th e  te m p e ra tu re  d i f ­
f e r e n c e  cu rv e  to  a  " h a a t in g  s e c t io n "  in  w hich no b o i l i n g  
o c cu ^ ed , fo llo w e d  by a  " b o i l i n g  s e c t io n "  i n  w hich  th e  
p r e s s u r e  f e l l  s t e a d i l y  g iv in g  a  lo w e r b o i l i n g  p o i n t ,  w h ile  
th e  l i q u i d  b o i l e d  s t e a d i l y  a s  h e a t in g  proqSbded. An a d ­
v a n ta g e  o f  th e  g l a s s - tu b e  was t h a t  i t  was n o te d ,  w ith  
c e r t a i n  r e s e r v a t i o n s  to  b e  d is c u s s e d  l a t e r ,  t h a t  t h i s  was 
th e  s t a t e  o f  th e  l i q u i d  v ap o u r m ix tu re  i n  th e  tu b e  and 
t h a t  th e  p o in t  o f  minimum At a g re e d  ro u g h ly  w ith  th e  s t a r t  
o f  b o i l i n g .
The minimum p o in t  i n  th e  c u rv e  was ta k e n  to  
c o rre sp o n d  to  th e  maximum te m p e ra tu re  o f  th e  l i q u i d  and 
a ls o  to  s e rv e  a s  a  boundary  b e tw een  th e  N o n -B o ilin g  ( o r ,  
H e a t in g ) and th e  B o i l in g  S e c t io n s  o f  th e  tu b e .  The le n g th  
mean te m p e ra tu re  d rop  f o r  each  s e c t i o n ,  t h e r e f o r e ,  was 
fo u n d  by c o u n tin g  th e  sg u a re s  in  th e  p a r t i c u l a r  s e c t i o n  
and  d iv id in g  by th e  p a r t  o f  th e  b a se  c o r re s p o n d in g  to  t h a t  
p a r t i c u l a r  s e c t io n *  In  t h i s  way A t ^  and A tg w ere fo u n d  
f o r  th e  N o n -B o ilin g  and B o i l in g  S e c t io n s ,  r e s p e c t i v e l y .
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(3 )  The B o i l in g  and N o n -B o ilin g  A re a s#4
The a re a s  o f
th e  n o n - b o i l in g  and b o i l i n g  s e c t io n s  w ere com puted by ta k in g  
th e  l e n g th  o f  th e  n o n - b o i l in g  s e c t io n  a s  th e  d i s ta n c e  b e t ­
ween th e  T ube-B ottom  and th e  P o in t  o f  Maximum Temp, o f  th e  
L iq u id  in  th e  Tube ( i . e . ,  th e  p o in t  o f  minimum d e f l e c t i o n ) ,  
and th e  r e s t  o f  th e  h e a te d  l e n g th  o f  th e  tu b e  a s  t h a t  f o r  
c a l c u l a t i n g  th e  B o i l in g  A rea*
( 4 ) "R esidue"  and "C o n d en sa te” -
The amount o f  "co n ­
d e n s a te ” d u r in g  th e  p e r io §  o f  t e s t  was c o n v e r te d  to  h o u r ly  
r a t e .  T h is  h o u r ly  r a t e  was m u l t i p l i e d  by th e  a p p r o p r ia te  
d e n s i ty  f a c t o r  to  o b ta in  i t  i n  l b s / h r .  T h is  gave th e  
E v a p o ra tio n  i n  l b s / h r .
S im i la r ly ,  th e  amount o f  "R esidue"  was c o n v e r te d
to  l b s / h r .
The t o t a l  o f  E v a p o ra tio n  in  l b s / h r  and  th e  "Re­
s id u e "  in  l b s / h r  gave th e  Feed R a te  in  l b s / h r .
(5 )  H eat L oad , q . -per h o u r : -
( a )  The p ro d u c t o f  E v a p o ra tio n  ( i n  l b s / h r )  
and  th e  L a te n t  H eat o f  th e  l i q u i d  a t  i t s  Tube-Top tem pe­
r a t u r e  gave th e  t o t a l  h e a t  to  v a p o u r .
T hus,
H eat to  v ap o u r = E v a p o ra tio n  x  L a te n t  H e a t .
The TubefTop T em p era tu re  was fo u n d  by s u b t r a c t -
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in g  th e  v a lu e  o f  At a t  Tube-Top from  th e  te m p e ra tu re  o f  
h e a t in g  w a te r  a t  o u t l e t .
The L a te n t  h e a t  o f  v a p o r i s a t io n  f o r  w a te r  was 
r e a d  from  S te am -T a b le s .
The L a te n t  Heats f o r  E th y l  J ilc o h o l and  T oluene 
w ere r e a d  from  t h e i r  r e s p e c t iv e  c u rv e s  [ F ig s .S #3 ,  and 
S-34 , r e s p e c t iv e ly  ,  in  C h a p te r HT- o f  t h i s  world.
(b )  The amount o f  h e a t  r e q u i r e d  to  r a i s e  
th e  t o t a l  f e e d  from  i t s  i n i t i a l  tem p, in  th e  f e e d  v e s s e l  
( o r ,  a t  th e  T ube-B ottom ) to  th e  te m p e ra tu re  e x i s t i n g  a t  
Tube-Top was fo und  a s  f o l lo w s : -
H eat to  L iq u id  -  Feed R a te  x  [T ube-T op Temp. -
I n i t i a l  Temp.J x  S p .H e a t.
T h is  Sp. h e a t  was ta k e n  a t  th e  mean o f  th e  i n i ­
t i a l  and Tube-Top te m p e ra tu re s  o f  th e  f e e d .
In  th e  c a se  o f  w a te r  and  0 .1  pero^rA queous s o ­
l u t i o n  o f  "T erm ina l W.A.” t h i s  Sp . h e a t  was a lw ays ta k e n  
as  u n i ty .
The Sp. h e a t  o f  E th y l  A lc o h o l (9 5 .6  % . by
w e ig h t)  u se d  in  th e  p r e s e n t  work was ta k e n  to  be  th e  same 
a s  t h a t  f o r  95 E th y l A lc o h o l. B oth  t h i s  and th e
Sp. h e a t  f o r  T oluene w ere com puted from  th e  nom ograph 
g iv e n  in  R e f .3 ,  p . 4 0 1 . T hen, T o ta l  H eat Load p e r  h o u r  ^
(q ), *  H eat to  v ap o u r H eat to  l i q u i d .
C 9 0
(6 )  H eat lo a d s  q .^  and q.-g p e r  h o u r : -
T hese w ere fo u n d
a s  f o l l o w s : -
The amount o f  h e a t  t h a t  i s  ta k e n  by th e  v ap o u r 
in  th e  form  o f  l a t e n t  h e a t  d o es n o t  a l l  come from  th e  
B o i l in g  s e c t i o n .  F or some o f  t h i s  h e a t  i s  g iv e n  o u t by 
th e  s u p e rh e a te d  I q u id  a s  i t  f l a s h e s  to  v ap o u r i n  th e  B o i l ­
in g  s e c t io n
How, th e  h e a t  to  Maximum tem p, o f  f e e d  i s  a l l  
t r a n s m i t te d  th ro u g h  th e  n o n - b o i l in g  s e c t i o n ; , t h e r e f o r e ,  
h e a t  to  maxm. te m p .,
%B * Katex[Maxm tem p . -  I n i t i a l  tem p j x  S p .h e a t
T h is S p .h e a t  was ta k e n ,  a s  b e f o r e ,  a t  th e  mean o f  th e  i n i ­
t i a l  and  th e  maximum te m p e ra tu re s  o f  th e  f e e d .
The Maximum %icLUid T em p era tu re  was fo u n d  by- 
s u b t r a c t in g  th e  minimum At from  th e  te m p e ra tu re  o f  h e a t in g  
w a te r a t  i n l e t ,  s in c e  a t  th e  p o in t  o f  minimum a t  th e  t r a ­
v e l l i n g  th e rm o co u p le  was u s u a l ly  com pared w ith  th e  " i n l e t "  
th e rm o co u p le . In  some i n s t a n c e s ,  how ever, th e  " o u t l e t "  
th e rm o co u p le  was u s e d ,  and  I h  th e s e  th e  minimum At was 
s u b t r a c te d  from  th e  tem p, o f  h e a t in g  w a te r  a t  o u t l e t  to  
g e t  th e  maximum f e e d  te m p e ra tu re .
Then, th e  h e a t  lo a d  th ro u g h  th e  b o i l i n g  s e c t i o n ,  q.B ,
« T o ta l  h e a t  lo a d  -  H ea t to  m axm .tem p.
C.9V)
(7 )  O v e ra l l  H eat T r a n s f e r  C o e f f i c i e n t s : -
These w ere
th e n  e v a lu a te d  a s  f o l lo w s : -
( i )  E n t i r e  T u b e:-
U =  3c
A x  A tm
( i i )  N o n -B o ilin g  S e c t io n : -
TT _  ^U-RTT3 -   ------------------------------------
N o n -h o il in g  a re a  x  A tg ^
( i i i )  B o i l in g  S e c t io n : -
IT ‘f t ®Ub =
B o i l in g  A rea  x  A tg
A Sample C a lc u la t io n : -
L iq u id  9 5 .6  percv*fcEthyl A lc o h o l.
T e s t No. 1 .  TABLE 1 .2 1
D u ra tio n  o f  t e s t ............... * 3 6  m in .
C ondensate 4 (2*23  -  0 .7 0 )  l i t r e s  = 1 .5 3  l i t r e s
R esidue  « (4 .6 1  -  0 .2 1 )  , ,  -  4 .4 0  l i t r e s
1 .5 3  x  1000 x  0 .7 9 3 6  x  60
• • E v a p o ra tio n  s   ------------------- — ----------  -  4 .4 6  l h s / h r .
36 x  4 5 3 .6
m.
4 .4 0  x  1000 x  0 .7 8 0 8  x  60
R esid u e  r - ------------------------------------------- -  1 2 .6 2  l b s / h r .
4 5 3 .6  x  36
. . Feed R a te  *17 .0 8  , ,  99
^ D e n s i t i e s  o f  E th y l A lco h o l(  9 5 .6 ^J ^  . }*t th e  tem p, o f  th e  
l i q u i d  a t  th e  tim e  o f  m e a su rin g  i t s  vo lum e.
( 9 * )
I n i t i a l  Feed Temp. 6 1 .9  F .
T em p era tu re  o f  h e a t in g  w a te r ,  I n l e t . *  50°C .
M " " •' O u t l e t . » 4 9 .9 °C .
At a t  T u b e - T o p . . . . .    * 1 0 .5  C.
Minimum A t  • • • • • • • • • • • • ?  7 .0 °C .
A t r o .............................................................................S 1 .2 °F .
A tg  .......................................................................... -  1 6 .9 ° F .
H o n -B o ilin g  L en g th   ........................  2 .0  f t .
B o i l in g  L en g th  ....................................................  5 .8 7 5  f t .
A t-  ............................................................................   2 0 .7 ° F .m • • • • • • • • • • • • •
. * .  N o n -B o ilin g  A rea  ................................x  0 .8 1 5  x  2 ) s q .* f t .
* 0 .4 2 7  s q . . f t .
B o i l in g  A rea  • • • • • • .............................= (j\ x  0 .8 1 5  x  5 .8 7 5 ) s q , . f t .
a 1 .2 5 4  s q , . f t .
Tube-Top Temp, s (4 9 .9  -  1 0 .5  ) c  a  3 9 .4 °C .
-  1 0 2 .9 °F .
Maxm. Temp, o f  Peed = ( 5 0 .0  -  7 .0  )& s  43°C .
«. 1 0 9 .4 °P .
L a te n t  H eat o f  v a p o r i s a t io n  a t  1 0 2 .9 °F . ( a s  fo u n d  from  
F i g .S .3  ) i s  4 1 7 .5  B .K i .U /lb .
. • H ea t to  Vapour • • • • • ........................ . s ( 4 .4 6  x  4 1 7 .5)  B .T h .U ./h r .
“ 1862 »» »» > > , ,
H eat to  Tube-Top Tem p.of L iq u id  -  1 7 .0 8 ( 1 0 2 .9 - 6 1 .9 ) x 0 .6 6 ^
B .T h .U ./h r .
* 463 B .T h .U ./h r .
. * . 4  = (1862 + 4 6 3 )   > 2325 B .T h .U ./h r .
. ' .  U » a'3 a s  = 6 6 .9  B . T h . U . / h r . / s g . f t / ° F .
±•684 x ao-7
Now,
H eat to  maximum te m p e ra tu re
* 1 7 .0 8 (1 0 9 .4 -6 1 .9  ) x 0 .669 B -itv. u  / ^ .
= 543 B .T h .U ./h r .
.  . • • • • • • • • • • • • • • • • • • •  “ 543 B »T h .U ./H r«
q.B • (2325 -  5 4 3 )   « 1782 B.Th.U./A/^/
543
=  --------------- ■—  at 4 0 .7  B .T h .U . / h r . / s q . . f t / ° B .
3 1 .2  x  0 .4 2 7
& 1782 . .
\ 9    — 2  8 4 .2  B . T h . U . / h r . / s q . f t /  F .
1 6 .9  x  1 .2 5 4
R e s u l t s : -
These a r e  t a b u l a t e d  i n  th e  T a b le s  t h a t  f o l lo w .
As a lr e a d y  i n d ic a t e d ,  th e  fo l lo w in g  l i q u i d s  h ave  b e en  u s e d : -
( 1 )  W ater,
( 2 )  0 .1  y ^ r~ .  TIP e rm in a l W.A." s o l u t io n  in  w a te r ,
( 3 )  9 5 .6  , ,  (b y -W eig h t)  E th y l A lc o h o l, and
( 4 )  n i t r a t i o n  Q u a l i ty  T o lu e n e .
T A B L E *  1,1
WATER IN GLASS-TUBE EVAPORATOR.
Temp, o f  H e a tin g  W ater 80°C.
T o ta l  H eat T r a n s f e r  A rea  = 1 .6 8 1  sq . f t ,
T e s t  P eed  E vapo- E vapo- I n i t i a l  T u b e- Max.
R a te  r a t i o n  r a t i o n  L iq u id  Top L iq u id
No. Temp. Temp. Temp.
( r b s / ln * )  ( r b s / h r )  *  °F  °P  ° F
1 . 10 .9 9 5 5 .6 4 5 1 .3 5 6 2 .6 1 3 6 .4 1 4 3 .6
2. 1 3 .8 2 0 5 .7 2 4 1 .4 2 6 3 .3 1 3 7 .7 1 4 4 .1
3. 1 6 .8 3 0 5 .3 5 31. 82 6 5 .7 1 3 8 .8 1 4 5 .2
4 . 2 1 .4 8 0 5 .0 8 2 3 .6 7 6 5 .3 1 3 9 .3 1 4 4 .7
5 . 23 .3 1 5 5 .3 6 2 2 .9 8 7 1 .3 1 3 7 .7 1 4 5 .8
6 . 23 .3 5 0 5 .2 3 2 2 .4 0 5 4 .2 1 3 7 .7 1 4 3 .8
7 . 3 4 .7 5 0 4 .8 8 14 . 05 7 0 .4 1 3 7 .7 1 4 6 .0
8. 3 7 .7 9 0 4 . 77 1 2 .6 2 6 9 .8 1 3 7 .7 1 4 5 .6
9. 39 .8 7 5 3 .9 7 9 .9 6 5 6 .3 1 3 9 .5 1 4 3 .1
10 . 4 1 .2 0 0 4 . 50 1 0 .9 3 6 9 .4 1 3 8 .8 1 4 6 .0
( TABLE. 1 . 1 . )
q Atm
°P
U qB
B o i l in g
A rea.
s q . f t .
A tB
°P
6532 3 9 .1 9 9 .5 5642 1 .4 3 1 3 4 .6 1 1 4 .0
6853 3 9 .1 1 0 4 .0 5734 1 . 396 3 4 .6 1 1 8 .8
6660 3 9 .5 1 0 0 .5 5322 1 .3 2 5 3 3 .7 1 1 9 .2
6743 3 9 .9 1 0 0 .5 5038 1 .2 7 2 3 3 .4 1 1 8 .6
6977 4 0 .5 1 0 2 .5 5240 1 . 272 3 3 .8 1 2 2 .0
7260 4 1 .8 1 0 3 .0 5168 1 .2 5 4 3 4 .8 1 1 8 .5
7288 4 2 .1 1 0 3 .0 4663 1 .1 3 8 3 3 .9 1 2 1 .8
7405 4 3 .5 1 0 1 .5 4542 1 .1 1 2 3 4 .2 1 1 9 .5
7343 4 3 .1 1 0 1 .5 3881 0 .9 8 7 3 3 .7 1 1 6 .5
7430 4 3 .8 1 0 1 .0 4275 1 .0 5 6 3 3 .5 1 2 0 .9
T A B L E ,  1.12. 
WATER IN GLASS-TUBE EVAPORATOR.
H e a tin g  W ater a t  80^0 .
T o ta l  H e a t T r a n s f e r  A rea  * 1 .6 8 1  s q . f t .
T e s t
No.
Peed
R a te
l b s / h r
Evapo­
r a t i o n
l b s / h r
Evapo­
r a t i o n
%
I n i t i a l
L iq u id
Temp.
°P
T ube-
Top
Temp.
°p
Max.
Liqui<
Temp.
°P
1. 1 1 .7 4 1 .3 2 4 1 1 .3 6 2 .1 1 6 4 .9 1 7 0 .8
2. 1 1 .7 2 1 .3 6 8 1 1 .7 6 2 .3 1 6 4 .4 1 6 9 .9
3. 1 2 .9 1 1 .6 0 2 1 2 .4 7 0 .7 1 6 2 .4 1 6 7 .7
4 . 1 6 .7 5 2. 315 1 3 .2 6 7 .1 1 5 7 .2 1 6 3 .3
5 . 1 6 .4 5 2 .4 0 6 1 4 .6 6 3 .0 1 5 7 .2 1 6 1 .8
6 . 1 8 .4 8 3 .0 0 4 1 6 .3 66 . 4 1 5 2 .5 1 5 8 .0
7 . 1 8 .6 3 2 . 950 1 5 .8 6 6 .6 1 5 2 .7 1 5 7 .8
8 . 1 8 .7 7 3 . 345 1 7 .8 6 3 .0 1 4 9 .6 1 5 5 .8
9 . 20. 50 3 .6 7 5 1 7 .9 6 8 .4 1 4 8 .6 154*4
10. 2 1 .1 2 3 . 675 1 7 .4 6 6 .2 1 4 8 .5 1 5 4 .6
11 . 2 6 .9 2 4 . 713 1 7 .5 6 5 .0 1 4 2 .5 1 4 9 .4
12 . 2 5 .8 1 4 . 660 1 8 .6 6 4 .4 1 4 2 .5 1 4 9 .2
f 0 5 )
( TABLE. 1 .1 2 . )
B o i l in g  A rea . . .  . . .  = 1 .2 5 4  s q . f t .  in  a l l  t e s t s .
N o n -B o ilin g  A rea . . .  = 0 .4 2 7  M H 11 w
q Atm
°P
U qNB A tNB
°P
*NB A t B
°F
UB
2532 1 5 .4 2 9 8 .0 1276 3 1 .2 4 9 6 .0 1256 9 .5 3 105
2567 1 6 .0 0 96*5 I860 3 1 .7 0 9 3 .0 1307 1 0 .0 5 104
2789 17 . 41 95.5 1232 3 6 .3 7 8 1 .0 1537 11 .88 1 0 3 .5
3835 2 5 .1 7 9 0 .5 1614 7 7 .0 2221 1 6 .8 2 105 .5
3968 2 5 .3 0 93* 5 1625 49.15 f k * if' * 1 6 . 88 111
4617 2 9 .4 8 9 3 .5 1694 5 3 .3 0 7 4 .5 f 21.73 107.5
4795 29^96 9 5 .5 1699 5 4 .0 0 7 4 .0 3060 2 1 .5 8 115
4999 32 .33 9 2 .0 1742 55 .55 7 3 .5 3257 2 4 .1 2 108
5354 32. 68 9 7 .5 1746 54. 75 7 5 .5 3590 2 4 .1 0 119
5448 33 . 65 9 6 .5 1866 5 7 .1 0 7 6 .5 3582 2 5 .3 6 113
6866 3 8 .9 3 1 0 5 .0 2265 6 1 .5 8 8 6 .0 4601 3 0 .6 3 120
6735 3 9 .1 0 1 0 2 .5 2265 6 1 .2 0 8 7 .0 4470 31. 62 113
CSfc)
T A B L E .  1.13.
0 .1  % AQ. SOLUTION OP "PERMINAL 
W .A." IN SLASS-TUBE EVAPORATOR. 
H e a t in g  W ater a t  80°C.
T o ta l  H e a t T r a n s f e r  A rea  = 1 .6 8 1  s q . f t .
( TABLE. 1 .1 3 . )
? e s t
fo*
F eed
R a te
l b s / h r
Evapo­
r a t i o n
I P s / h r
Evapo­
r a t i o n
%
I n i t i a l
L iq u id
Temp.
°F
T ube-
Top
Temp.
°F
Max.
L iq u id
Temp.
°F
q Atm
°F
U B o il in g  
A rea, 
sq . f t . °F
1. 1 3 .1 7 5 .6 8 4 3 .1 5 60 . 70 1 4 0 .7 144. 3 6804 3 7 .0 1 0 9 .5 5703 1 .4 1 4 3 2 .7 123 .5
2. 1 4 .8 5 5# t o t 3 9 .5 5 8 1 .8 5 1 4 0 .9 1 4 4 .3 6818 3 6 .5 1 1 1 .5 5892 1 .4 1 4 3 2 .4 128 .5
3 . 2 1 .5 9 5 .2 9 2 4 .5 3 79 . 35 1 4 0 .5 1 4 3 .6 6678 3 7 .9 1 0 5 .1 5292 1 . 289 3 3 .1 1 2 4 .0
4 . 2 6 .1 3 4 .9 8 1 9 .0 6 77 . 90 1 4 0 .5 1 4 3 .6 6681 4 0 .0 9 8 .5 4965 1 .2 1 8 33 . 2 1 2 2 .8
5. 2 8 .9 4 4 . 79 1 6 .5 4 6 8 .2 0 1 4 0 .9 1 4 4 .8 6955 4 2 .8 9 7 .0 4738 1 .1 4 6 3 2 .6 1 2 6 .8
6 . 3 3 .7 0 4 .5 8 1 3 .6 1 6 8 .0 0 1 4 0 .5 1 4 6 .0 7087 4 3 .8 9 6 .5 4462 1 .0 7 7 3 2 .3 1 2 8 .3
7 . 4 2 .0 8 3 .9 3 9 .3 4 66 . 20 1 3 8 .9 1 4 3 .9 7033 4 8 .2 8 7 .0 3766 0 . 952 3 3 .9 1 1 6 .6
T A B L E  . 1 . 2
ETHYL ALCOHOL ( 9 5 .6  % ) IN 
GLASS-TUBE EVAPORATOR.
H e a tin g  W ater a t  5 0 °0 .
T o ta l  H e a t T r a n s f e r  A rea  = 1 .6 8 1  f t ?
T e s t  P eed  E vapo- E vapo- I n i t i a l  T ube- Max.
No. R a te  r a t i o n  r a t i o n  L iq u id  Top L iq u id
Temp. Temp. Temp.
113 s / h r  l b s / h r  *  °F °F °P
1 . 6 .0 9 3 .2 1 6 5 2 .8 7 2 .9 1 0 6 .7 1 1 5 .7
2. 6 .4 7 3 .1 1 2 4 8 .1 7 3 .0 1 0 5 .6 1 1 3 .4
3. 7 .7 5 3 .1 4 5 4 0 .6 7 1 .6 1 0 6 .5 1 1 4 .8
4 . 7 .7 8 2 .9 7 2 3 8 .2 7 1 .3 1 0 6 .2 1 1 4 .6
5 . 8 .3 1 3 . 288 3 9 .6 6 9 .8 1 0 7 .1 1 1 6 .2
6 . 8 .4 4 3 . 250 3 8 .5 6 5 .9 1 0 6 .5 1 1 4 .8
7 . 1 1 .1 1 3 .0 0 8 2 7 .1 6 6 .2 1 0 6 .2 1 1 4 .6
8. 1 3 .3 9 2. 770 2 0 .7 6 4 .4 1 0 6 .2 1 1 4 .7
9 . 1 3 .9 1 3 .0 0 7 2 1 .6 6 9 .8 1 0 6 .3 1 1 4 .1
10 . 3 1 .6 2 2. 446 7 . 70 6 4 .0 1 0 6 .0 1 1 1 .5
( TABLE. 1 .2  )
q A tm
°P
U qB
B o il in g
A rea .
s q . f t .
A't's
*B
1491 1 4 .2 6 2 .5 1312 1 .3 6 1 1 2 .1 7 9 .7
1453 1 4 .7 5 8 .8 1274 1 .4 3 1 1 3 .3 6 7 .0
1499 1 4 .9 5 9 .9 1270 1*325 1 1 .4 8 4 .2
1425 1 5 .5 5 4 .7 1194 1 .3 2 5 1 2 .5 7 1 .9
1576 1 4 .4 6 5 .1 1312 1 .3 6 1 1 1 .5 8 4 .0
1590 1 4 .6 64 . 9 1308 f 1 .3 7 8 1 1 .9 7 9 .8
1566 1 5 .1 6 1 .8 1198 1 .2 0 1 1 2 .7 7 9 .0
1536 1 7 .5 5 2 .2 1081 1 .1 4 6 1 2 .0 7 8 .8
1605 1 5 .7 6 0 .9 1184 1 .2 0 1 1 2 .2 8 1 .0
1911 1 9 .6 5 7 .7 900 1 .0 0 5 1 2 .6 7 0 .9
T A B L E .  1 ,3 1
ETHYL ALCOHOL ( 9 5 .6  % ) in  
GLASS-TUBE EVAPORATOR.
H e a tin g  W ater a t  50°C in  T e s t s  1 t o  5 ,  and  a t  80°C in  
th e  r e s t  o f  them . T o ta l  H ea t T r a n s f e r  A rea  = 1 .6 8 1  f t ?
T e s t  P eed  E vapo- E vapo- I n i t i a l  T ube- Max.
No. R a te  r a t i o n  r a t i o n  L iq u id  Top L iq u id
L b s /h r l b s / h r %
1 . 1 7 .0 8 4 .4 6 2 6 .1
2. 1 8 .5 7 4 . 45 2 3 .9
3 . 1 6 .6 7 4 .6 7 2 8 .1
4 . 2 0 .5 4 4 .9 7 2 4 .2
5 . 1 9 .0 6 4 . 95 2 6 .0
6. 2 0 .1 0 5 .0 6 2 5 .1
7 . 2 0 .3 1 5 .2 5 2 5 .9
8. 1 8 .3 5 5 .1 5 2 8 .2
9 . 1 9 .7 8 5 .1 5 2 6 .1
10 . 1 9 .0 4 5 .4 6 2 8 .7
11 . 2 1 .3 5 6 .6 5 3 1 .2
12. 1 8 .7 7 6 .8 3 3 6 .4
13 . 2 4 .5 5 8. 26 3 3 .7
14 . 1 9 .6 5 8 .2 7 4 2 .1
15. 2 9 .4 6 7 . 75 2 6 .3
Temp.
°P
Temp.
°P
Temp.
°P
6 1 .9 1 0 2 .9 1 0 9 .4
63 . 5 1 0 2 .2 1 0 8 .7
6 0 .3 1 0 1 .9 1 0 8 .0
6 8 .7 1 0 0 .6 1 0 7 .4
6 6 .8 1 0 0 .6 1 0 6 .0
8 3 .9 1 5 6 .2 1 5 8 .3
7 7 .4 1 5 6 .6 1 5 9 .2
6 4 .9 1 5 7 .1 1 5 8 .3
7 1 .6 1 5 4 .2 1 5 8 .0
7 6 .2 1 5 4 .0 1 5 7 .3
7 8 .8 1 5 1 .5 1 5 4 .8
6 5 .3 1 5 0 .8 1 5 3 .6
7 3 .4 1 4 5 .2 1 4 8 .7
6 5 .3 1 4 6 .0 1 5 0 .1
7 1 .6 1 4 6 .7 1 4 8 .8
( TABLE. 1 . 2 1 . )
B o l l in g  A rea  
N o n -B o ilin g  A rea
♦ • •
• • •
= 1 .2 5 4  
■ 0 .4 2 7
s q . f t .
tt k
i n  a l l
tt • tt
t e s t s .
m
Atm
°P
U qNB Atm
°p
UNB qB
°P
2325 2 0 .7 6 6 .9 543 3 1 .2 4 0 .7 1782 1 6 .9 8 4 .2
2301 21*1 6 4 .9 486 3 0 .6 96*0 289* 1 7 .7 8 1 .6
2374 2 1 .7 * 6 .1 477 3 8 .2 3 4 .5
&
1 7 .9 8 4 .*
2483 22*2 6 6 .6 485 3 0 .8 3 7 .0 1998 1 8 .9 8 4 .4
2462 2 2 .8 6 4 .2 455 3 2 .0 3 3 .5 2007 1 9 .3 8 3 .0
2951 2 5 .2 6 8 .8 1016 4 5 .6 5 2 .5 1935 1 8 .7 8 2 .4
3224 2 6 .5 7 2 .4 1118 5 1 .2 5 1 .0 2106 1 8 .2 9 2 .3
3223 2 7 .1 7 0 .8 1130 5 2 .8 5 0 .0 2093 1 8 .5 9 0 .5
3193 2 8 .6 6 6 .5 1142 5 2 .9 5 0 .5 2051 2 0 .4 8 0 .4
3240 2 8 .8 6 7 .0 1035 5 1 .0 4 7 .5 2205 2 0 .8 8 4 .6
3766 3 0 .6 7 3 .3 1087 5 1 .9 4 9 .0 2679 2 3 .2 9 2 .8
3845 3 2 .0 7 1 .6 1087 5 3 .8 4 7 .5 2758 2 3 .9 9 2 .3
4563 3 6 .9 7 3 .6 1220 5 8 .7 4 8 .5 3343 2 9 .5 9 0 .6
4365 3 7 .0 7 0 .2 1083 5 8 .7 4 4 .0 3282 2 8 .6 9 1 .6
4641 3 7 .0 7 4 .7 1494 6 1 .4 5 7 .0 3167 2 8 .0 9 0 .5
CHAPTER. I .
T A B L E .  1 .3 .
TOLUENE IN GLASS TUBE EVAPORATOR. 
H e a tin g  W ater a t  80°0 .
T o ta l  H ea t T r a n s f e r  A rea  = 1*681 f t ?
T e s t  P eed  E vapo- E vapo- I n i t i a l  T ube- Max.
No. R a te  r a t i o n  r a t i o n  L iq u id  Top L iq u id
Temp. Temp. Temp.
l b s / h r  l b s / h r  *  °P °P 0P
1 . 2 8 .8 8 1 3 .6 0 -47.1 6 8 .0 1 5 4 .9 1 5 7 .5
2. 3 1 .0 6 13 . 74 4 4 .3 6 8 .0 1 5 5 .1 1 5 7 .6
3. 3 1 .6 4 13 . 85 4 3 .8 6 8 .5 1 5 4 .7 1 5 7 .1
4 . 34 . 29 14 . 00 4 0 .8 6 8 .4 1 5 5 .3 1 5 7 .3
5. 3 4 .4 8 14 . 81 4 3 .0 7 0 .5 1 5 2 .6 1 5 4 .9
6 . 3 5 .5 1 13 . 39 3 7 .7 6 8 .7 1 5 5 .3 1 5 7 .1
7 . 4 1 .8 8 13 . 84 3 3 .1 6 6 .2 1 5 6 .2 1 5 9 .6
8 . 4 4 .1 0 1 3 .5 0 3 0 .6 6 9 .2 1 5 6 .8 1 5 7 .7
9 . 5 9 .3 8 14 . 83 2 5 .0 6 6 .2 1 5 3 .6 1 5 6 .6
( TABLE 1 .5  )
B o i l in g  
A rea
m w HB ‘■'HB VB
°F sq . f t .  °P
At_ 0  qB A rea  Atg 0.
3334 2 4 .1 82*5 2197 1*218 1 9 .2 9 4 .0
3439 2 4 .5 83* 8 2215 I*-*!** a 1 8 .3 9 7 .0
3460 2 5 .5 8 0 .6 288* *06  £ 19*4 97.8
3599 2 5 .1 8 5 .3 2859 1 .1 4 6 1 9 .0 1 0 3 .8
3670 8 7 .5 7 9 .5 2391 1 .1 8 2 2 1 .3 9 5 .0
3331 2 6 .4 7 9 .5 2150 1 .0 9 4 1 9 .4 1 0 1 .4
3915 2 6 .8 8 6 .9 2195 1 .1 4 6 1 7 .7 1 0 6 .1
3986 2 7 .3 8 7 .1 2272 1 .0 4 1 1 7 .9 1 2 8 .0
4687 3 2 .1 8 7 .0 2379 0 .9 3 4 1 9 .9 1 2 7 .8
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O b s e rv a tio n s  on th e  N a tu re  o f  B o i l in g *
In  th e  p r e s e n t  i n v e s t i g a t i o n s  w ith  th e  g la s s  
tu b e  e v a p o ra to r  th e  b e h a v io u r  o f  th e  l i q u i d  in s id e  th e  
tu b e  c o u ld  e a s i l y  b e  s e e n .
I t  was fo u n d  t h a t  th e  l i q u i d  system  c o u ld  be 
d iv id e d  in to  th e  n o n - b o i l in g  and th e  b o i l i n g  s e c t i o n s .
The l i q u i d  colum n r o s e  s lo w ly  up th e  tu b e  r i s i n g  in  tem ­
p e r a tu r e  t i l l  i t  a t t a i n e d  a maximum. At t h i s  r e g io n  m arked 
b o i l i n g  b e g an .
N a tu re  o f  B o i l in g  when A ir  le a k e d  in to  th e  T u b e :-
As soon
as th e  f e e d  e n te r s  th e  tu b e ,  sm a ll  b u b b le s  b e g in  to  r i s e  
a lo n g  w ith  i t .  They g r a d u a l ly  grow  i n  s i z e  a s  th e y  a s ­
cend h ig h e r  in  th e  l i q u i d  co lum n, due to  th e  r e l e a s e  in  
th e  p r e s s u r e .  T here  i s  no a p p a re n t  tu r b u le n c e  i n  th e  l i ­
q u id  e x c e p t t h a t  c a u se d  by th e s e  r i s i n g  b u b b le s  o f  a i r .
The a i r  b u b b le s  a r e  a lm o s t f l a t  i n  th e  b e g in n in g . B ut 
a s  th e y  a sce n d  h ig h e r  th e y  move f a s t e r  and become lo n g e r  
-  up to  4  in c h .  As th e y  re a c h  th e  zone w here b o i l i n g  
commences th e y  le n g th e n  r a p i d l y  to  3 -  4 in c h e s ,  and  th e n  
m erge in to  th e  r i s i n g  colum n o f  irap o u r.
U nder a  g iv e n  vacuum , th e  l e v e l  a t  w hich  b o i l i n g  
commences depends upon th e  i n i t i a l  f e e d  te m p e r a tu re ,  and 
th e  f e e d  r a t e .  W ith a  l a r g e r  f e e d  r a t e  o r  lo w e r f e e d  tem p.
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a lo n g e r  le n g th  o f  th e  tu b e  i s  r e q u i r e d  f o r  "b o ilin g  to  
b e g in .
T here  i s  no d i s t i n c t  s e p a r a t io n  o f  th e  n o n ­
b o i l i n g  and th e  b o i l i n g  s e c t io n s  a s  th e  b o i l i n g  n e v e r  
t a k e s  p la c e  s h a r p ly .  The two s e c t io n s  m erge in to  each  
o th e r  and t h i s  l a c k  o f  a  d e f i n i t e  boundary  i s  a c c e n tu a ­
t e d  by th e  a i r  b u b b le s .
The n a tu r e  o f  b o i l i n g  i s  i n t e r e s t i n g .  Towards 
th e  to p  o f  th e  l i q u i d  c o ltq |n  b u b b le s  o f  v ap o u r b e g in  to  
a p p e a r  and w i th in  a  few  in c h e s  assum e v ig o ro u s  fo rm a t io n .  
B e s id e s  th e  a i r  b u b b le s  com ing from  th e  b o tto m , some a ls o  
a r i s e  from  th e  s id e  o f  th e  tu b e  and  a l l  th e s e  m erge in to  
th e  f r o t h  w hich o c c u p ie s  a  c e r t a i n  le n g th  o f  th e  tu b e .
The d i s t r i b u t i o n  o f  vap o u r and l i q u i d  in  t h i s  r e g io n  i s  
more o r  l e s s  u n ifo rm . The e v o lu t io n  o f  b u b b le s ,  how ever, 
i s  n o t  s te a d y ,  b u t  k e e p s  f l u c t u a t i n g .  Each b ig  b u b b le  o f  
a i r  c a u se s  a  maximum " f l a s h ” -  a  sudden  e v o lu t io n  o f  a  
swarm o f  b u b b le s .  T h is  a p p e a rs  to  .co rresp o n d  to  s i t u a t i o n  
( l ) , ( s e e  I n t r o d u c t io n ,  p.GO ) .
On g o in g  h ig h e r ,  th e  f r o t h  r e s o lv e s  i t s e l f  in to  
a  m ix tu re  o f  l i q u i d  and v a p o u r , th e  d i s t r i b u t i o n  o f  th e  
two p h a se s  b e in g  by no means u n ifo rm . The v ap o u r i s  se en  
to  p u sh  i t s  way up i n  a  z ig - z a g  m anner th ro u g h  th e  l i q u i d ,  
c a r r y in g  s lu g s  o f  th e  l a t t e r  a lo n g  w ith  i t .  T h is  c o r r e s ­
ponds w ith  s i t u a t i o n  ( 2 ) ,  e x c e p t f o r  th e  l a c k  o f  u n i f o r ­
m ity  i n  th e  d i s t i b u t i o n  o f  th e  two p h a s e s .
S t i l l  h ig h e r ,  th e  v ap o u r g e ts  r e l e a s e d  in  th e  
c e n tr e  o f  th e  tu b e  and moves r a p i d l y  up s t i l l  d ra g g in g  
th e  l i q u i d  a lo n g  w ith  i t .  The l i q u i d  moves a lo n g  th e  
s id e s  o f  th e  tu b e  in  th e  form  o f  " r i n g s ” . T hese r i n g s  
meet a n o th e r  s tre am  o f  r in g s  com ing downwards from  th e  
top o f  th e  tu b e ,  so t h a t  t h e i r  d e n s i ty  in  some r e g io n s  
in c r e a s e s .  These r in g s  keep  r i s i n g  and f a l l i n g  a t  a 
r a p id  r a t e .  At s h o r t  i n t e r v a l s  a column o f  v a p o u r and 
l i q u i d  r i n g s ,  f o rc e d  up by a  l a r g e  b u b b le  o f  a i r  w hich 
m om en tarily  c a u se s  a  f l a s h ,  s t r i k e s  a g a in s t  th e  ru b b e r  
bun^f s u p p o r t in g  th e  t r a v e l l i n g  th e rm o co u p le  p o c k e t .  The 
vapour and some o f  th e  l i q u i d  h a v in g  escap ed  th ro u g h  th e  
s id e  tu b e ,  th e  rem a in in g  l i q u i d  b e g in s  to  d r a in  down th e  
s id e s  o f  th e  tu b e  in  th e  form  o f  r i n g s  w hich a re  a g a in  
h u r le d  up by a  f r e s h  v o l le y  o f  r i s i n g  vap/ur and l i q u i d  
r i n g s .  As th e  r i n g s  move up and down, th e y  become d e n s e r  
in  some r e g io n s  and  s p a r s e r  in  o t h e r s .  The p o s i t i o n  o f  
th e s e  r e g io n s  i s  by no means f i x e d .  The a p p e a ra n c e  th u s  
p r e s e n ts  a  v e ry  rough  p a t t e r n  o f  a  s t a t i o n a r y  w ave, th e  
v i b r a t i n g  e le m e n ts  i n  t h i s  c a se  b e in g  th e  l i q u i d  r i n g s .  
T his c o rre sp o n d s  to  s i t u a t i o n  ( 3 ) .
D u rin g  th e  i n t e r v a l  be tw een  v o l le y s  o f  l i q u i d  
r i n g s  and vap o u r coming and s t r i k i n g  a g a in s t  th e  ru b b e r  
bung a t  th e  to p ,  a  c o a rse  sp ra y  i s  seen  a t  th e  to p ,  th e  
d r o p l e t s  m oving r a t h e r  s lo w ly  and f a l l i n g  on to  th e  s id e s  
o f  th e  tu b e  o r  e l s e  s t r i k i n g  a g a in s t  th e  ru b b e r  bung .
B ut no f i n e  sp ra y  i s  to  be  s e e n .
Under s te a d y  c o n d i t io n s  a l l  th e  lQ .u id  f e d  a t  
th e  b o tto m  e sc a p e s  a s  l i q u i d  and v ap o u r from  th e  to p  o f  
th e  tu b e  th ro u g h  th e  s id e -a rm . T here  i s  a lw ays a  d e f i n i t e  
amount o f  l i q u i d  and  v ap o u r in  th e  tu b e ,  th e  q u a n t i ty  
dep en d in g  upon th e  fe e d  r a t e ,  Atm, p r e s s u r e ,  e t c .  T hat 
s u r f a c e  te n s io n  p la y s  an im p o r ta n t  r o l e  in  th e  phenomena 
o b se rv ed  above seems v e ry  p ro b a b le .
EFFECT OF DEAERATION ON THE NATURE 0 ?  BOILING.
In  th e  absence  o f  a l l  a i r  th e  l i q u i d  r o s e  in to  
th e  tu b e  w ith o u t b o i l i n g  commencing a t  th e  l e v e l  l e r e  i t  
shou ld  have  done u n d er th e  p r e v a i l i n g  c o n d i t io n s .  When 
i t  re a c h e d  appoint in  th e  tu b e  w here t h e r e  was an i r r e g u ­
l a r i t y  in  th e  s u r f a c e ,  v i o l e n t  b o i l i n g  b e g a n . The l i q u i d ,  
th u s ,  underw en t e x c e s s iv e  s u p e r h e a t in g .  T h is  was c h i e f ly  
n o t ic e a b le  in  th e  c a se  o f  to lu e n e  and a lc o h o l .
To o b v ia te  i t ,  a  v e ry  s l i g h t  le a k a g e  o f  a i r  was 
a llo w ed  a t  th e  g ro u n d -g la s s  j o i n t  o f  th e  f lo w - r e g u la to r  
and th e  e v a p o ra to r  tu b e .  From h e re  t in y  b u b b le s  o f  a i r  
a ro s e  a t  i r r e g u l a r  i n t e r v a l s .  Some b u b b le s  fo rm ed  on th e  
s id e s  o f  th e  tu b e  a ls o  in  th e  n o n - b o i l in g  s e c t i o n .  These 
p re v e n te d  th e  l i q u i d  from  abnorm al s u p e r h e a t in g ,  w ith o u t 
much i n t e r f e r i n g  w ith  th e  n a t u r a l  c o n v e c tio n  o f  th e  l i q u i d
i n  th e  n o n - b o i l i n g  s e c t i o n .
At h ig h  f e e d  r a t e s  g r a d u a l  b o i l i n g  s e t  i n .  There 
was no c l e a r  boundary  be tw een  th e  h e a t i n g  and t h e  b o i l i n g  
s e c t i o n s .  B o i l i n g  was r a t h e r  s te a d y  w ith  a  v e ry  l i t t l e
te n d e n cy  to  " f l a s h ” •
At low f e e d  r a t e s ,  how ever, " f l a s h i n g "  was more 
pronounced  b e c a u se  o f  th e  h i g h e r  h y d r o s t a t i c  h e a d  c a u s in g  
g r e a t e r  s u p e r h e a t in g . T h is  ten d e n cy  was m i t i g a t e d  by th e  
l e a k in g  a i r  b u b b le s .  The boundary  be tw een  h e a t i n g  and 
b o i l i n g  s e c t i o n s  was c l e a r e r  th a n  w i th  th e  a e r a t e d  l i q u i d .
On th e  w hole , t h e r e f o r e ,  th e  a p p e a ra n c e  o f  b o i l i n g  d id  
n o t  undergo  any e s s e n t i a l  change on lo w e r in g  th e  f e e d  
r a t e .
The e f f e c t  o f  t h e  up and down movement o f  th e  
l i q u i d  i n  t h e  b o i l i n g  s e c t i o n  i s  t r a n s m i t t e d  to  a  sm a ll  
e x te n t  to  t h e  l i q u i d  i n  t h e  h e a t i n g  s e c t i o n  a s  e v id e n c e d  
by th e  a p p e a ra n c e  o f  t h e  c o n v e c t io n  c u r r e n t s .  T iuy  p i e c e s  
o f  r u b b e r  i n t r o d u c e d  i n to  th e  f l u i d  s t re a m  showed t h i s  
o s c i l l a t i o n  c l e a r l y .  T h is  phenomenon i s  to  be  se e n  w i th  
o r  w i th o u t  d e a e r a t i o n .
EFFECT OF REDUCED SURFACE TENSION OH BOILIBG.
F r i t z  and o t h e r s  
( c i t e d  by R e f .  Iffe) showed t h a t  a  d e c r e a s e  i n  s u r f a c e  tensiw i
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re d u c e s  th e  maximum s i z e  o f  th e  v a p o u r  h u b b ie s .  S tro e h e  
e t  a l  h e l d  t h a t  w e t t a b i l i t y  o f  th e  s u r f a c e  i s  an  im p o r t ­
an t f a c t o r  i n  b o i l i n g .  I t  g o v e rn s  t h e  s i z e  and t h e  shape 
of th e  b u b b le s  and t h e  r a t e  a t  which th e y  a r e  e v o lv e d  
from th e  h e a t i n g  s u r f a c e .
In  t h e  p r e s e n t  i n v e s t i g a t i o n s  a lm o s t  m ic ro s c o ­
p ic  b u b b le s  r o s e  from  th e  b o t to m . T h e i r  numb** m u l t i ­
p l i e d  a s  th e  l i q u i d  r o s e  up th e  t u b e .  At some zone b o i l ­
ing  s e t  i n  w i th  d i s t i n c t  s e p a r a t i o n  o f  h e a t i n g  and  b o i l -  
i n  s e c t i o n s .  The t i n y  b u b b le s  a r i s i n g  from be low  j o in e d  
the  main s tre am  w h ich , once s h o t  u p ,  n e v e r  r e t u r n e d .  The 
i n t e n s i t y  o f  t h e  e v o lu t io n  o f  b u b b le s  v a r i e d  r e g u l a r l y .  
There were " f l a s h e s "  a t  s h o r t  i n t e r v a l s ,  t h e  f o rm a t io n  
p a s s in g  from  a maximum a t  t h e  b e g in n in g  o f  a f l a s h  to  a  
minimum j u s t  p r e c e d in g  th e  n e x t .  The b u b b le s  a r o s e  from 
the  l i q u i d  s u r f a c e  a lo n g  th e  e n t i r e  c r o s s - s e c t i o n  o f  th e  
tu b e :  so t h a t  one couM  say  w i th  e x a c t i t u d e  where th e
b o i l i n g  commenced. The boundary  be tw een  H e a t in g  and 
B o i l in g  s e c t i o n s  was c l e a r l y  d e f i n e d .
With each  f l a s h  a swarm o f  b u b b le s  s h o t  to  th e  
top  o f  t h e  tu b e  and escaped  th ro u g h  th e  s i d * t u b e .  The 
r a t e  o f  e v o lu t i o n  o f  b u b b le s  g r a d u a l ly  f e l l  a f t e r  each  
f l a s h .  When th e  b u b b le s  became l e s s  num erous, t h e y  c o u ld  
be se e n  r i s i n g  up th e  tu b e  i n  th e  form o f  f l a t  d i s c s .
The s i d e s  o f  th e  tu b e  rem a in ed  wet th ro u g h o u t  w i th  an
(10k)
mi even t u t  t h i n  f i l m  o f  l i q u i d  on them -  v e ry  much t h i n ­
n e r  th a n  t h a t  o b t a in e d  w i th  t h e  p u re  l i q u i d s •
EFFECT OFAfc™ OH THE STATURE OF BOILING.
Over th e  ra n g e  o f  
low v a lu e s  o f  Atm o b s e rv e d ,  i n  th e  c a se  o f  e th y l  a lc o h o l  
and w a te r ,  i t  was fou nd  t h a t  t h e r e  was no g r e a t  change 
i n  t h e  n a t u r e  o f  b o i l i n g  e x c e p t  t h a t ,  i n  th e  c a se  o f  w ater, 
th e  f r o t h y  r e g io n  ( s i t u a t i o n  1 ) a lm o s t  d i s a p p e a r e d ,  ob­
v i o u s l y  b e c a u se  u n d e r  th e s e  c o n d i t i o n s  th e  v ig o u r  o f  
b o i l i n g  became subdued* The b o i l i n g  r e g i o n ,  t h e r e f o r e ,  
c o n s i s t e d  o f  a  r e g i o n  o f  s l u g  a c t i o n  and a  r e g i o n  o f  
f i lm  a c t i o n  ( s i t u a t i o n s  2 and 3 ;  s e e  I n t r o d u c t i o n ,  p* fco ) .
S in ce  th e  r e g io n  o f  f r o t h  ( i * e * ,  s i t u a t i o n  1 ) 
d is a p p e a re d  a t  low  A tm, i t  would seem t h a t  f o r  s t a b i l i t y  
o f  b u b b le s ,  e i t h e r  th e  s u r f a c e  t e n s i o n  sh o u ld  be  low o r  
e l s e  t h e r e  s h o u ld  be  a  l a r g e r  Atm to  g iv e  l a r g e r  s u p e r ­
h e a t  and more v ig o* ’Ou<6 b o i l i n g  so t h a t  s t a b l e  b u b b le s  
form* The s lu g  a c t i o n  i s  o b v io u s ly  due to  b u b b le  co a ­
l e s c e n c e  and t h i s  becomes more p rono unced  in  S i t u a t i o n
(3 )  where th e  v ap o u r  fo rm s one c o n t in u o u s  column and 
where t h e  v ig o u r  o f  b o i l i n g  i s  m ost p ro n o u n ced .
(  V H / n  'U .  9  3  OT *  
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A p r e l im in a r y  e x am in a tio n  o f  t h e  t a b l e s  showed 
a c o n fu sed  v a r i a t i o n  o f  H ourly  H eat l o a d ,  ( q ) ,  w i th  Feed 
Rate and Atm. A change i n  &tm c au se d  b o th  "q.” and th e  
amount o f  v a p o r i s a t i o n  to  a l t e r .  However, rrq TI was p l o t ­
t e d  a g a i n s t  Atm on l o g - l o g  p a p e r  (F ig*  1*5) f o r  a l l  th e  
l i q u i d s . E xcep t f o r  p u re  w a te r  th e  c u rv e s  a re  v e ry  n e a r ­
l y  s t r a i g h t  l i n e s .  The l i n e s  f o r  E th y l  A lco h o l  and T o lu ­
ene have  an a v e ra g e  s lo p e  o f  1 * 1 9 , so t h a t ,  f o r  t h e s e  
two l i q u i d s
q ( Atjjj)1 *19 .  • • •  • • •  ( 1 . 1 )
For each  s e r i e s  o f  t e s t s  a p l o t  o f  ITq T v s .  Feed 
Rate gave a  s e p a r a t e  c u rv e ,  e ach  h a v in g  a  d i f f e r e n t  s lo p e  
( F ig .  1 . 7 ) .
A p l o t  o f  Ub v s .  E v a p o ra t io n  ( l b s / h r ) ,  ( F i g . 1 . 9 ) ,  
showed t h a t  th e  p o i n t s  f o r  w a te r  and Aqueous s o l u t i o n  o f  
T erm in a l  W.A. c o u ld  be  c o r r e l a t e d  by  a  s i n g l e  l i n e  w i th  a  
v e ry  sm a l l  s l o p e .  The cu rv e  f o r  e t h y l  a l c o h o l  h a s  a  much 
l a r g e r  s l o p e .  Thus,
f o r  w a t e r , %  <* (E v . J0 *11  . . .  . . .  ( 1 . 2 )
and
f o r  E t.O H . Ug «  (E v . ) ° ' 27 .....................( 1 . 3 )
where Ev. « E v a p o ra t io n  i n  l b s / h r .
(109)
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In  th e  c a se  o f  to lu e n e  where t h e  amount o f  v ap ou r  form ed 
p e r  h o u r  d id  n o t  much v a r y ,  th e  p o i n t s  a r e  m o s t ly  c o i n c i ­
d e n t  and l i e  v e r t i c a l l y  one above th e  o t h e r .  A p l o t  o f  
U3 v s .  Feed R a te  ( F i g .  1 .9 1 )  f o r  a l l  l i q u i d s  gave s e v e ­
r a l  c u rv e s  b w t  i n  no c a se  was t h e  s lo p e  c o n s id e r a b le  
e x c e p t  in  t h e  c a se  o f  T o lu e n e , f o r  which
Tig «  (F eed  R a te )0 ,4  ................................ ( 1 . 4 )
Only in  t h e  c a se  o f  w a te r  and e th y l  a lc o h o l  
t h e r e  was a v a r i a t i o n  in  A tg . A p l o t  o f  U3  v s .  Atg ( F i g .  
1 . 8 ) f o r  t h e s e  two l i q u i d s  gave a s e p a r a t e  cu rv e  f o r  each* 
The two l i n e s  a r e  a lm ost p a r a l l e l  w i th  an a v e ra g e  s lo p e  
o f  0 . 1 2 , so t h a t
T% <* (A tjj)0 *1^ ......................................  ( 1 . 5 )
f o r  e i t h e r  l i q u i d .
F or w a t e r , t  v s .A tm  on a  se m ilo g  p a p e r  ( F i g . 1 . 6 )  
gave a c u rv e  w i th  th e  f o l lo w in g  e q u a t io n :  -
l o g  q s 3 .1058  + 0 .01 832  . . .  ( 1 .6 )
X P E R M IM A L .W A  
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DISCUSSION
The m ost im p o r ta n t  f a c t  t h a t  comes o u t  o f  t h e s e  
g r a p h i c a l  c o r r e l a t i o n s  i s  t h a t  Atm i s  “by f a r  th e  m ost e f ­
f e c t i v e  v a r i a b l e ,  a p a r t  f rom , o f  c o u r s e ,  th e  n a t u r e  o f  the  
l i q u i d .  I t  c o n t r o l s  b o th  t h e  h e a t  f l u x  and th e  c o e f f i ­
c i e n t  o f  h e a t  t r a n s f e r .  When th e  mean te m p e ra tu re  d rop  
i s  ro u g jily  c o n s t a n t  from t e s t  to  t e s t ,  f e e d  r a t e  h a s  v e ry  
s l i g h t  e f f e c t  on th e  v a lu e  o f  h e a t  f l u x . However, i n  th e  
c a se  o f  0 .1  p e r o ^ a q u e o u s  s o l u t i o n  o f  T e rm in a l  W.A., v a ­
r i a t i o n  i n  Atjjj d id  n o t  h av e  any c o n s id e r a b le  e f f e c t  on 
t h e  v a lu e  o f  "q.", t h e  h o u r ly  h e a t  l o a d  ( F i g .  1 . 5 ) .  T h is  
i s  a  s t r i k i n g  r e s u l t  and more d a t a  a r e  n e c e s s a r y  to  con­
f i rm  i t .
I f ,  how ever, Atm v a r i e s ,  t h e  h e a t  f l u x  a l s o  v a ­
r i e s  s t e a d i l y  w ith  i t  f o r  a l l  l i q u i d s  e x c e p t  i n  t h e  c a s e  
o f  T e rm in a l  W .A .- s o lu t io n  a s  n o te d  a b o v e .  With v a r y in g  
mean te m p .d ro p ,  a  v a r i a t i o n  i n  th e  f e e d  r a t e  a f f e c t s  f l u x  
f o r  w a te r  and  e th y l  a lc o h o l  much more th a n  t h a t  f o r  t o ­
lu e n e  ( F i g .  1 . 7 ) .  I n  th e  c a se  o f  t o lu e n e  (T a b le  1 . 3 ) t h e  
mean tem p, d ro p ,  A ts ,  f o r  t h e  b o i l i n g  s e c t i o n  was ro u g h ly  
c o n s t a n t  and th e  v a r i a t i o n  i n  t h e  amount o f  v a p o u r  fo rm ed 
p e r  h o u r  was s m a l l .  The e f f e c t  o f  an i n c r e a s e  i n  t h e  f e e d  
r a t e  w ould , t h e r e f o r e ,  be  to  i n c r e a s e  th e  v e l o c i t y  o f  th e
f l u i d  th ro u g h  th e  tu b e  g i v in g  a  h i ^ i e r  f l u x  ( F i g .  1 . 7 ) ,  and 
h ig h e r  Ug ( F i g .  1 . 9 1 ) .  I n  th e  c a se  o f  e t h y l  a lc o h o l  and 
w a te r ,  on i n c r e a s e  i n  Atm was accom panied  by an i n c r e a s e  
i n  th e  amount o f  e v a p o ra t io n  (T a b le s  1 .1 2  and 1 .2 1 )  a n d ,  
t h e r e f o r e ,  a l th o u g h  th e  f e e d  r a t e  was a l t e r e d  c o n s id e ­
r a b l y ,  t h e  fo rm er  r a t h e r  th a n  th e  l a t t e r  ( s e e  F i g s . 1 .9  
and 1*91) had  th e  more im p o r ta n t  e f f e c t ^ n  th e  B o i l i n g  
O v e r a l l  C o e f f i c i e n t ,
For a g iv e n  mean tem p, d rop  and Feed R a te ,  t h e  
v a lu e s  o f  h o u r ly  h e a t  l o a d  (q )  a r e  t h e  h i g h e s t  f o r  w a t e r ,  
i n t e r m e d ia t e  f o r  to lu e n e  and th e  lo w e s t  f o r  e th y l  a l c o h o l .  
For s i m i l a r  v a lu e s  o f  At]j, th e  m ag n itu d es  o f  Ub, th e  
b o i l i n g  o v e r a l l  c o e f f i c i e n t ,  f o r  t h e  t h r e e  l i q u i d s ,  a r e  
s i m i l a r l y  r e l a t e d .  The e f f e c t  o f  re d u c e d  s u r f a c e  t e n s i o n  
has  b een  to  g iv e  somewhat h i g h e r  b o i l i n g  c o e f f s .  th a n  f o r  
pure  w a te r  ( s e e  F i g s .  1 . 8 , 1 .9  and 1 . 9 1 ) ,  a l th o u g h  t h e  
h igh  r e s i s t a n c e  o f  t h e  g l a s s - t u b e  w a l l  h a s  h ad  a  g r e a t  ob­
s c u r in g  e f f e c t .  T h is  i n c r e a s e  i n  Ub w i th  d e c r e a s e  i n  
S u rfa ce  T en s io n  i s  a s  sh o u ld  b e .
The h i t l e r  v a lu e s  o f  U and Ub f o r  T oluene t h a n  
th o s e  f o r  E th y l  A lc o h o l ,  f o r  s i m i l a r  v a lu e s  o f  Atm and 
A % , r e p e c t i v e l y ,  a r e  somewhat u n e x p e c te d .  T h is  may be 
p a r t l y  due to  th e  f a c t  t h a t  in  t h e  d a se  o f  t o lu e n e  a much 
l a r g e r  m o la r  f r a c t i o n  was v a p o r i s e d  th a n  i n  th e  c a se  o f
e th y l  a l c o h o l .  The h ig h e r  m o la r  f r a c t i o n  e v a p o ra te d  m ust 
have in d u ced  h ig h e r  v e l o c i t i e s ,  g iv in g  " b e t te r  h e a t  t r a n s ­
f e r ,  A s i m i l a r  r e s u l t  h a s  b een  found  w i th  th e  Copper Tube 
E v a p o ra to r  (CH, I I ) ,  V a r i a t i o n  i n  f e e d  r a t e  h a s  n o t  a f ­
f e c t e d  <3$  f o r  t o lu e n e ,  f o r  depends p r i m a r i l y  upon th e  
amount o f  v ap o u r  form ed which h a s  rem a in e d  p r a c t i c a l l y  
unchanged .
The v e l o c i t y  i n  th e  b o i l i n g  se c t io n  i s  c o n t r i b u ­
t e d  by b o th  t h e  l i q u i d  and t h e  v a p o u r .  When th e  p e r c e n ­
ta g e  e v a p o r a t io n  i s  h ig h  th e  e f f e c t  o f  t h e  v ap ou r  p r e ­
dom ina tes  and t h e  v a lu e s  o f  e o e f f s ,  a r e  h i g h .  With i n ­
c r e a s in g  f e e d  r a t e ,  v a p o r i s a t i o n  d e c r e a s e s  somewhat and  
so do th e  c o e f f i c i e n t s .  At h ig h  f e e d  r a t e s ,  when th e  
amount o f  v ap o u r  d im in i s h e s ,  i t  a p p e a r s ,  t h e  d e f i c i e n c y  
i s  made up by t h e  l i q u i d .  A ls o ,  o b s e r v a t i o n s  on th e  
n a tu r e  o f  b o i l i n g  showed t h a t ,  w i th  h ig h  f e e d  r a t e s ,  t h e r e  
was much a g i t a t i o n  i n  th e  b o i l i n g  l i q u i d .  T h is  m ight 
have a te n d e n c y  to  re d u c e  t h e  t h i c k n e s s  o f  th e  l i q u i d  
f i lm  and g iv e  b e t t e r  h e a t  t r a n s m i s s i o n .
C H A P T E R .  I I .
THE MBTAL-TUBE, VERTICAL, NATURAL-
CIRCULATIOH, EVAPORATORS.
CHAPTER I I .
THE METAL TUBS, VERTICAL,
NATURAL-CIRCULATION« EVAPORATORS.
The p u rp o se  o f  th e  work on th e  g l a s s - t u b e  e v ap o ra  
t o r  was m ain ly  in te n d e d  to  i n v e s t i g a t e  th e  th e o r y  t h a t  t h e  
tu b e  c o u ld  be  d iv id e d  in to  b o i l i n g  and n o n - b o i l i n g  s e c t i o n s  
For a g l a s s - t u b e  e v a p o r a to r ,  t h i s  seemed to  be s u b s t a n t i a ­
t e d ,  and work was ta k e n  up on ip e t a l - t u b e  e v a p o r a t o r s .  The 
p r e l im in a r y  work was done on a  S t a i n l e s s  S t e e l  Tube, u s i n g  
w ater  u n d e r  n a t u r a l - c i r c u l a t i o n .  The a p p a r a tu s  ( F i g . 2 . 1 )  
was t h e  same a s  had  been  u se d  p r e v i o u s ly  i n  t h e s e  l a b o r a ­
t o r i e s  ( R e f . 5 9 ) .  The e v a p o r a to r  tu b e  ( S t a i n l e s s  S t e e l ,  
S p e c n . , STAYBRITE, F .M .B .) was a b o u t  10 f t .  l o n g  by 0 .5  
i n .  i . d .  by 0 .7  i n .  o . d . , h e a t e d  f o r  9 f t .  .2 i n .  o f  i t s  
l e n g th  by h o t  w a te r  c i r c u l a t i n g  th ro u g h  i t s  j a c k e t  o f
rr
i r o n  p ip e  ( %  i n .  o . d .  x  1 i n .  i . d . )  w i th  i r o n  T - p ie c e s  
a t  e i t h e r  end . These l a t t e r  a c t e d  a s  i n l e t  and o u t l e t  
f o r  h e a t i n g  w a te r  and had th e rm o p o c k e ts  p ro v id e d  on them . 
Two b r a s s  s t u f f i n g  b o x e s ,  each  w i th  a  cap and a g la n d  n u t ,  
f i x e d  to  t h e  top  and bo ttom  o f  th e  j a c k e t  and p ack ed  w ith  
a s b e s to s  c o rd ,  s e rv e d  to  h o ld  t h e  e v a p o r a to r  tu b e  in  p o s i ­
t i o n .  The e v a p o r a to r  tu b e  was screw ed  in to  a  b r a s s  g la n d -
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p ie c e  a t  t h e  t o p .  T h is  g l a n d - p i e c e  had  a  s id e -a rm  which 
co u ld  he  c o n n e c te d  to  t h a t  o f  t h e  s e p a r a to r*  I t  a l s o  had  
a s t u f f i n g - b o x  and g la n d - n u t  p r o v id e d  f o r  h o ld in g  th e  
t r a v e l l i n g  th e rm o co u p le  p o c k e t .  The r e s t  o f  t h e  a p p a r a ­
t u s  h a s  a l r e a d y  b e en  d e s c r ib e d  i n  Ch. I .
The method u se d  h e r e  was a l s o  th e  same a s  t h a t  
g iv e n  by R e f . 59 . T h is  work on S .S .T ube  w i th  w a te r  a s  th e  
f e e d  l i q u i d  i n d i c a t e d  t h a t  s a t i s f a c t o r y  r e s u l t s  c o u ld  be  
o b ta in e d  p ro v id e d  c a r e  was ta k e n  to  en su re  t h e  p r o p e r  
i n s u l a t i o n  o f  th e  th e rm o c o u p le s .  The ab n o rm a lly  h ig h  o r  
even n e g a t iv e  v a lu e s  f o r  t h e  f i l m  c o e f f s .  r e p o r t e d  i n  th e  
above r e f e r e n c e  may have b e en  due to  f a u l t y  i n s t a l l a t i o n  
o f  t h e  th e rm o c o u p le s .  I n  th e  p r e s e n t  i n v e s t i g a t i o n s  a l s o  
s i m i l a r  abnorm al r e s u l t s  were o b ta in e d  b o th  w i th  th e  g l a s s -  
tu b e  and  th e  S .S .T ube  e v a p o r a to r s  when t h i s  work was f i r s t  
begun , and some 150 t e s t  d a t a  had  to  be  r e j e c t e d  b e c a u se  
th e  th e rm o co u p le  i n d i c a t i o n s  were u n r e l i a b l e .  I t  was foun d  
t h a t  in  e x p e r im e n ts  u n d e r  p r a c t i c a l l y  th e  same c o n d i t i o n s ,  
t h e  d e f l e c t i o n s  o b ta in e d  became l e s s  and l e s s  i n  c o u rs e  
o f  t im e ,  g i v in g  s m a l le r  Atm. A c a r e f u l  i n v e s t i g a t i o n  o f  
th e  th e rm o co u p le s  r e v e a l e d  t h a t  t h e  f i n e  c o a t in g  o f  i n s u ­
l a t i o n  of* t h e  j f t i le t - a n d  o u t l e t  th e rm o co u p le s  g r a d u a l ly  d e ­
t e r i o r a t e d ,  s h o r t - c i r c u i t i n g  th e  w i r e s  a t  a p o i n t  h i g h e r  
th a n  th e  s o ld e r e d  t i p .  The th e rm o co u p le s  r e c o r e d e d  tem pe-
(U*)
'I
r a t u r e s  c o r re s p o n d in g  "to t h e s e  c o n ta c t  50121138 — w hich  were 
c o o le r  -  r a t h e r  th a n  to  t h e  s o ld e r e d  t i p .
I n  a l l  su b seq u e n t  w ork , t h e r e f o r e ,  th e  w i r e s  
were i n s u l a t e d  "by e n c lo s in g  each  one i n  a tu b e  o f  i n s u l a ­
t i n g  m a t e r i a l  f o r  a  c o n s id e r a b le  l e n g t h  from  th e  s o ld e r e d  
t i p  upw ards . The th e rm o co u p le s  th e n  gave c o n s i s t e n t  Re­
s u l t s  f o r  an i n d e f i n i t e  p e r i o d .  They were c a l i b r a t e d  ftom 
t im e  to  t im e  t o  keep a check  on t h e i r  p e r fo rm a n c e .  D u ring  
su b seq u e n t  c a l i b r a t i o n s  no m a t e r i a l  change was fo u n d .
H aving  made th o ro u g h  i n v e s t i g a t i o n s  on t h e  t h e r ­
m ocouples and h a v in g  o b ta in e d  f a i r l y  s a t i s f a c t o r y  r e s u l t s  
w i th  t h e  S .S .T ub e  on w a te r ,  more i n t e n s i v e  work was done 
on a  co pper  tu b e  e v a p o ra to r  u s i n g  w a t e r ,  9 5 . 6 e t h y l
a l c o h o l ,  and n i t r a t i o n  q u a l i t y  to lu e n c e  a s  t h e  f e e d  l i q u i d s ,  
b o th  u n d e r  n a t u r a l  and f o r c e d  c i r c u l a t i o n .  The work on 
th e  f o r c e d - c i r c u l a t i o n  e v a p o r a to r  w i l l  be d e s c r ib e d  i n  
C h ap te r  I I I .
B a s i s  o f  D e te rm in a t io n  o f  th e  l i q u i d  F ilm  
H eat T r a n s f e r  C o e f f i c i e n t s .
Hot l i q u i d s  a t  h ig h  v e l o c i t i e s  have  b e en  p r e v i o u s ­
l y  u se d  a s  h e a t  t r a n s f e r  f l u i d s  by s e v e r a l  w o rk e rs .  For 
exam ple , Rhodes and B r id g e s ^  u se d  h o t  m erc u ry ,  c i r c u l a t i n g  
a t  h ig h  v e l o c i t i e s  th ro u g h  an 0 .2 5  i n .  o . d .  s t e e l  t u b e ,
f o r  s tu d y in g  h e a t  t r a n s f e r  to  l i q u i d s  b o i l i n g  on t h i s  
t u b e .  M cM illen and L arso n  [T ra n s .A m .I n s t .C h e m .E a g r s . ,
4 0 ,  1 77 ,(19 44 ) ']  u s e d  a  l i q u i d  h e a t i n g  a g e n t  f lo w in g  a t  
h ig h  v e l o c i t y  and c o n s ta n t  a v e rag e  te m p e ra tu re  th ro u g h  
th e  i n n e r  p ip e  o f  a  d o u b le -p ip e  h e a t  exchanger b e c a u se  
t h i s  m ethod e n a b le s  th e  f i lm  c o e f f .  o f  th e  h e a t i n g  a g e n t  
to  be  m a in ta in e d  a t  a h ig h  c o n s ta n t  v a lu e .  F o u s t  and 
C h r i s t i a n  [T ra n s .A m .In s t .C h e m .S n g rs .  , £ 6 ,  541-554 ,(1940)^] 
a l s o  u s e d  t h i s  m ethod.
In  th e  c ase  o f  a  v e r t i c a l  tu b e  e v a p o r a to r ,  i f  
h o t  l i q u i d  i s  f lo w in g  th ro u g h  t h e  a n n u la r  space  be tw een  
th e  e v a p o r a to r  tu b e  and t h e  o u t e r  j a c k e t  and c o ld e r  f l u i d  
th ro u g h  th e  e v a p o ra to r  t u b e ,  t h e n ,
Q
U m' . . .  . . .  . . .  ( 3 .1 )
Afekt]g
The o v e r a l l  h e a t  t r a n s f e r  c o e f f . , U, i s  made up 
o f  t h r e e  i n d i v i d u l  c o e f f s .  t h e  r e l a t i o n  among which i s  
g iv e n  by
~  s  - r  *1* T“* 4 * “T*” . . .  . . .  . . . ( 2 )U h h  h
Each o f  t h e s e  te rm s  i s  a  r e s i s t a n c e  te rm ,  so t h a t ,  t h e  o v e r ­
a l l  r e s i s t a n c e  i s  made up o f  th e  r e s i s t a n c e s  o f  t h e  h e a t i n g
w a te r  f i l m ,  o f  t h e  tu b e  w a l l ,  and o f  t h e  l i q u i d  f i l m  i n s i d e
th e  t u b e .  How nh Tr, t h e  f i l m  c o e f f .  f o r  th e  l i q u i d  i n s i d e  
th e  t u b e ,  can be d e te rm in e d  from  th e  D i t t u s - B o e l t e r  E q u a t io n :
0 * 0
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(2 . 12 )
w ith  a r e a s o n a b le  d e g re e  o f  a c c u ra c y .  I n  t h i s  e q u a t io n ,  
D, p  and C a r e  e i t h e r  c o n s t a n t  o r  v e ry  n e a r l y  s o , and 
even k  v a r i e s  o n ly  s l i g h t l y  w i th  t e m p e r a tu r e ,  p ro v id e d  
th e  av e rag e  te m p e ra tu re  o f  t h e  l i q u i d  does n o t  change 
v e ry  w id e ly  from  t e s t  to  t e s t .  The above e q u a t io n  may, 
t h e r e f o r e ,  be  w r i t t e n  a s
the  p o i n t s  sh o u ld  l i e  on o r  a b o u t  a  s t r a i g h t  l i n e ,  a n d ,  
i f  t h i s  s t r a i g h t  l i n e  i s  p ro d u ced  b a ck  to  i n t e r s e c t  t h e
when t h e  v e l o c i t y  o f  th e  f e e d  l i q u i d  i s  so h ig h  a s  to  
make th e  » e s i s t a n c e  o f  t h e  i n n e r  l i q u i d  f i lm  n e g l i g i b l e ,  
can  be d e te rm in e d .  The e f f e c t  o f  u s i n g  th e  e x t e r n a l  d i a .  
o f  th e  tu b e  f o r  e v a l u a t i n g  U would be  to  lo w er  t h e  o v e r a l l  
c o e f f  s .  and  t h a t  o f  u s i n g  t h e  in n e r  d i a .  would be  to  i n ­
c re a s e  th e  o v e r a l l  c o e f f s .  s l i g h t l y .  I n  t h e  p r e s e n t  w ork , 
t h e r e f o r e ,  th e  a r e a  o f  t h e  tu b e  b a s e d  on th e  a v e ra g e  o f
( y ) ° . 8
( 2 . 1 3 ).  • « . .  .
where K i s  ro u g h ly  c o n s t a n t
( y ) 0 #8p l o t t e d  a g a i n s t
t h e  v a lu e  o f  t h e  l a t t e r  when
t h e  i n t e r n a l  and e x t e r n a l  d ia m e te r s  h a s  been  c o n s i s t e n t l y  
u s e d .
H ence, when th e  f e e d  l i q u i d  v e l o c i t y  i s - - i n f i ­
n i t e l y  h ig h ,
• • •  • • •  • • •  ( 2 .1 4 )U h h  1%
where t h e  te rm  on th e  r i g h t - h a n d  s i d e  i s  t h e  combined r e ­
s i s t a n c e  o f  th e  h e a t i n g  f l u i d  f i l m  and th e  tu b e  w a l l .  T h is  
te rm  w i l l  a l s o  in c lu d e  th e  e f f e c t  o f  any s c a l e s  on e i t h e r  
s id e  o f  th e  tu b e  w a l l .  The v a lu e s  o f  th e  v a r i o u s  l i q u i d  
p r o p e r t i e s  a r e  e v a lu a te d  a t  i t s  a v e ra g e  te m p e ra tu re  i n ­
s id e  t h e  e v a p o r a to r  t u b e .
T h is  d e r i v a t i o n  a l s o  assum es th e  c o n s ta n c y  o f  
r e s i s t a n c e  f o r  b o th  t h e  r e t a i n i n g  w a l l  and th e  i n n e r  l i ­
qu id  f i l m .  Such an a ssu m p tio n  i s  o b v io u s ly  n o t  r i g o r o u s  
b u t  t h e  e r r o r  i n t r o d u c e d  th e r e b y  i s  n o t  s e r i o u s  compared 
to  th e  t o t a l  m agn itude  o f  th e  r e s i s t a n c e s  in v o lv e d .  T h is  
i s  i n d i c a t e d  by th e  s a t i s f a c t o r y  ap p ro a ch  o f  t h e  e x p e r i ­
m en ta l  v a lu e s  to  a  s t r a i g h t  l i n e  when a  p l o t  i s  made a s  
s u g g e s te d  above.
cm)
PART I .
The S t a i n l e s s - S t e e l  tu b e  E v a p o ra to r .
T h is  was u se d  a s  a N a t u r a l - C i r c u l a t i o n , V e r t i ­
c a l ,  E v a p o ra to r  w i th  w a te r  a s  t h e  f e e d  l i q u i d .  F i r s t  o f  
a l l ,  t h e  r e s i s t a n c e  te rm , was d e te rm in e d .  For
t h i s  p u rp o se  t h e  form o f  th e  a p p a r a tu s  shown i n  F i g . 2 .2  
was u se d  so t h a t  t e m p e r a tu re s  o f  h e a t i n g  w a te r  and  f e e d  
w a te r  c o u ld  he r e a d ,  h o th  a t  i n l e t  and o u t l e t ,  by means 
o f  th e rm o m e te rs ,  and th e  f e e d  l i q u i d  co u ld  he  w eighed  by 
means o f  a w i ig h in g  t a n k .
E x p e r im e n ta l  P ro c e d u re  f o r  t h e  E s ta b l i s h m e n t  : ”
H e a t in g  w a te r  a t  80°C was pumped 
th ro u g h  t h e  j a c k e t ,  c o - c u r r e n t  w i th  th e  f e e d  w a t e r ,  a t  
th e  r a t e  o f  abo u t 20 g a l l o n s / m in u t e .  The f e e d  w a te r  was 
a d m i t te d  from a  t a p .  Some o f  i t  was a l lo w e d  to  b y e -p a s s  
so t h a t  i t s  t e m p e ra tu re  a t  i n l e t  c o u ld  be  m easu red . The 
p l a n t  was a l lo w e d  to  r u n  f o r  some m in u te s  f o r  sijady con- 
d iijpns to  be a t t a i n e d ,  t h e  f e e d  g o in g  to  w aste  d u r in g  
t h i s  p e r i o d .  When t h e  therm om eter  r e a d in g s  became s t e a d y  
th e  f e e d  a t  o u t l e t  was sw itc h e d  to  a  w eighed t a n k  and th e  
f o l lo w in g  o b s e r v a t io n s  made a t  one m inu te  i n t e r v a l s : -
A P P A R A T U S  F O R  D ETER M  I NAT ION
O F
STEAMTO WEIGHED
~ r m r '
HOT WATER TANK
FEES.
WATER
THERMOMETERS
C E N T R IFU G A L  PUMP
02/0
( 1 )  I n l e t  tem p, o f  h e a t i n g  w a te r
( 2 )  O u t l e t  , ,  , ,  , ,  , ,
( 3 )  I n l e t  , ,  , ,  f e e d  , ,
( 4 )  O u t l e t  , ,  , ,  , ,  »,
The t im e  f o r  w hich  t h e  f e e d  c o l l e c t e d  i n  th e  w eighed  ta n k  
was r e c o r d e d  "by a  s t o p - c l o c k .  The e x p e r im e n t  was c o n c lu ­
ded  a f t e r  10 m in u te s .
C a l c u l a t i o n s : -
The H ea t l o a d ,  was c a l c u l a t e d  d i r e c t l y  
from  f e e d  r a t e  and  t e m p e r a tu r e  r i s e .  The l o g  mean temp* 
d r o p , & tm, was c a l c u l a t e d  i n  t h e  n o rm al  way. I t  may he 
n o te d  t h a t  th e  f lo w  o f  h o th  w a te r  s t r e a m s  was i n  t h e  same 
d i r e c t i o n .  The H e a t in g  A rea  o f  t h e  tu h e  was c a l c u l a t e d  
on th e  h a s i s  o f  th e  a v e ra g e  o f  t h e  i n n e r  and o u t e r  d iam e­
t e r s  and  i s  e q u a l  to  1 .4 4  s q . f t .  Y , ^  were e v a lu ­
a t e d  on t h e  h a s i s  o f  t h e  mean tem p , o f  th e  l i q u i d  i n  th e  
t u h e .
The r e s u l t s  a r e  g iv e n  i n  T ah le  2 . 1 .  A p l o t  o f  
0 . 4
XT.8 i s  shown i n  F ig .  2 .2 2 .  The p o i n t s  l i e  on
a  s t r a i g h t  l i n e  w i th  an  i n t e r c e p t  on t h e a x i s  o f  0 .0 0 1 3
D e te r m in a t io n  o f  C o e f f i c i e n t s  f o r  w a te r :
H av ing  d e te rm in e d
JLA.
f? Xf
Of V
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t h e  r e s i s t a n c e  te rm ,  th e  a p p a r a tu s  was a ssem b led  to  i t s  
no rm al form  shown i n  Fig# 2 . 1 .  Hot w a te r  was c i r c u l a t e d  
a t  80°G# The e x p e r im e n ta l  p ro c e d u re  and c a l c u l a t i o n s  r 
w ere t h e  same a s  d e s c r ib e d  in  d e t a i l  i n  dHAPTER I# The 
o v e r a l l  c o e f f s . ,  U and U^, were d i r e c t l y  o b t a in e d  by 
c a l c u l a t i o n s #  The c o re sp o n d in g  f i l m  c o e f f s .  , h  and hB> 
f o r  t h e  e n t i r e  tu b e  and f o r  t h e  b o i l i n g  s e c t i o n ,  r e s p e c t ­
i v e l y ,  w ere t h e n  e v a lu a t e d  from  t h e  f o l lo w in g  r e l a t i o n ­
s h ip s
jl 1  f i  i n  
h  -  u  - I V  l^ J
L K  M
• ** • «  « • • •  ( S  )
. .  ( 2 .1 6 )•  •  •  •  •  •  o
" h " ‘  [ i *  y * ° - 0013 .
R e s u l t s : -
These a r e  g iv e n  i n  T ab le  2 . 2 .  The v a lu e s  o f
hg a r e  o f  t h e  same o r d e r  as  th o s e  o b ta in e d  by S t r o e b e ,
45B aker and B adger f o r  th e  b o i l i n g  f i l m  c o e f f i c i e n t  f o r  r. 
w a te r  i n  an LTV e v a p o r a to r  u n d e r  s i m i l a r  c o n d i t i o n s  o f  
b o i l i n g  p o i n t  and mean t e m p e r a tu re  d ro p s  a c r o s s  th e  l i ­
q u id  f i l m  i n  th e  b o i l i n g  s e c t i o n .  The v a lu e s  o f  U and o f  
Up c a l c u l a t e d  on , t h e  "basis o f  a  b o i l i n g  s e c t i o n  show a r e l a t i v e  
c o n s ta n c y  w i th  f e e d  r a t e ,  a s * n o te d  p r e v i o u s l y  (  R e f .  5 9 ) .
The “v a lu e  o f  ' h s  b e g in s  t o  v a ry  r a t h e r  w id e ly  a s  l i q u i d
<JZ1)
r a t e s  i n c r e a s e .  T h is  may he due t o  a b r e a k in g  down ill  
th e  d i v i s i o n  o f  th e  tu h e  i n t o  h o i l i n g  and n o n - b o i l i n g  
s e c t i o n s ,  o r t o  i n a c c u r a c i e s  i n  m easu rem en t.
I d e a l l y  th e  v a lu e  of th e  o u te r  f i l m  c o e f f i ­
c i e n t  and o f  th e  c o n d u c t i v i t y  of th e  tu h e  w a l l  sh o u ld  
he so h ig h  t h a t  th e  r e s i s t a n c e  t o  h e a t  f lo w  i s  c o n cen ­
t r a t e d  i n  th e  h o i l i n g  f i lm .  T h is  &  n o t  th e  c a se  h e re  
a s  th e  v a lu e  o f  th e  combined c o e f f i c i e n t  i s  7 6 9 .E 
( =, oTo5l3 ) B . T h . U . / h r / s q . f t . / ° i \  and , a s  a  r e s u l t ,  
c a l c u l a t i o n  grows i n c r e a s i n g l y  d i f f i c u l t  a s  a p p a r e n t  
o v e r a l l  c o e f f i c i e n t s  rAAe. I f  t h e  o v e r a l l  c o e f f i c i e n t  
r e a c h e s  7 6 9 .E B . T h . U . / h r / s ^ . f t . / ° F  t h e n ,  c l e a r l y ,  t h e r e  
would he no r e s i s t a n c e  t o  h e a t  f lo w  i n  th e  h o i l i n g  
f i l m  a t  a l l .
F o r  t h i s  r e a s o n  i t  was d e c id e d  t o  a l t e r  t h e  
s t a i n l e s s - s t e e l  w a l l  t o  a  t h i n n e r  one o f  c o p p e r .
PAST I I .
OOPPSR-TUBB. VERTICAL. EVAPORATOR.
The c o p p e r - tu h e  e v a p o r a t o r  was 10 f t .  lo n g  x 
11  ^ i n .  o . d .  x  ^  i n .  i . d . ,  h e a te d  f o r  9 f t .  E i n .  o f 
i t s  l e n g t h .  A s c r e w - th r e a d  was c u t  on to p  end o f j th i s  
tu h e  w h ich  was sc rew ed  d i r e c t l y  i n t o  th e  b r a s s  g la n d  -  
p i e c e  w i th  th e  s i d e - t u h e  f o r  c o n n e c t in g  th e  to p  o f  th e
<_u«)
C W J
u J
ovx
(.130)
e v a p o r a t o r  tu b e  t o  th e  s e p a r a t o r .  T h is  co pp er  tu b e  
c o u ld  be h e ld  i n s i d e  th e  i r o n  j a c k e t ,  u sed  w i th  th e
5 . 5 .  tu b e  e v a p o r a t o r ,  b y  means o f  th e  same s t u f f i n g  
b oxes  and g l a n d - n u t s  a s  u se d  b e f o r e ,  so t h a t  no o th e r  
a l t e r a t i o n  i n  t h e  s e t - u p  was n e c e s s a r y .  ( P i g . 2 . 1 ) .
The r e s i s t a n c e  te rm  was f i r s t  d e t e r ­
mined b o th  a t  50°C and a t  8 0 °0 .  The a p p a r a tu s  was mo­
d i f i e d  t o  th e  fo rm  o f  P ig*  2 . 2 .  T h is  d e te r m i n a t i o n  was
CXS
made/.in th e  c a se  o f  t h e  S . S . t u b e .  The r e s u l t s  a r e  g iv e n
i  (£L °*4i n  T a b le s  2 .3  and 2 .3 1 ,  and a p l o t  o f ^  v s .  ( y ) 0 .8  ^ or 
50°C and 80°C i s  shown i n  P i g s .  2 .3  and 2 .3 1 ,  r e s p e c t ­
i v e l y .
The v a lu e s  o b ta in e d  b y  e x t r a p o l a t i o n  a re  a s
f o l l o w s : -
1 jk
Combined a s s i s t a n c e , a t  5 0°C=0 .  00045 \(  h r ) { a q f  t ) ( O F) 
, ,  , , , , , ,  80°C=0.00040J
D e te r m in a t io n  o f  B o i l i n g  F i lm  C o e f fs
The a p p a r a t u s  was
now a sse m b le d  t o  -the fo rm  o f  P i g . 2 . 1 .  E x p e r im e n ta l  p ro ­
c e d u re  and c a l c u l a t i o n s  were th e  same a s  a l r e a d y  d e t a i l e d  
i n  O H .I . ,  and i n  PABT I  o f  t h i s  c h a p t e r .
The f o l lo w in g  l i q u i d s  were u s e d : -  
( l ) w a t e r ;  ( 2 )95.6j£ E t.O H; and ( 3 ) H i t r a t i o n  Q u a l i t y  
T o lu e n e .  The r e s u l t s  a r e  g iv e n  i n  T a b le s  2 . 4 ,  2 .5  and
2 . 6 ,  r e s p e c t i v e l y .
t a b l e  .  2 .1
STAINLESS STEEL TUBE EVAPORATOR. 
D eterm ination o f ( l /h ,  + 1/h ) .
Test Peed Peed Water Temp. H eating A,t V elocity
No. Rate ( F) Water TefflP‘ 0“ fv)(Op) °P  W
lb s /h r  In Out In Out f t / s e c .
1. 153 56. 39 150.49 178 .64 178. 03 63.55 0. 500
2. 198 56.30 147.52 175.69 175.32 62. 81 0. 647
3. 351 53.42 127.94 176.80 175.60 79.68 1. 148
4. 404 55. 63 126. 32 176.97 175.86 80. 27 1. 319
5. 460 53. 78 121.46 174.88 173.32 81.80 1. 529
6. 513 53.06 118.90 175.42 173.83 83.75 1. 677
7. 870 49.01 102.74 176.71 172. 22 95.85 2. 843
8. 1008 51.98 100.24 174.20 170.25 93 .87 3. 294
9. 1230 49.51 93 .92 175.73 169.34 98 .72 4. 020
10. 1326 49.10 92. 98 176.72 170.06 100.20 4. 330
03)0
( TABLE, 2 .1  )
Heating Water a t 80°C.
Heating Area o f Tube = 1 .4 4  if* f t .
q V gF 1q6 JL * 104 ^0. 8
7 *
p0 ,4
14440 157.8 6336 4.434 3514 12.60 7937
18115 200.4 4990 4.514 4466 1 15.38 6502
26160 228.0 4386 5.098
f-
7011 V 23.16 4318
28530 246.8 4052 5.081 8087 25*93 3856
31660 268.8 3720 5.279 9036 28.75 3478
33780 280.0 3571 5.381 10160 31.27 3198
46740 338.6 2964 6.091 14500 44. 59 2252
48570 359.3 2784 6.075 16890 50.20 1992
54630 384.0 2604 6.437 19450 57.51 1739
58190 4022,6 2492 6.485 20820 60.91 1642
OMJ)
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T A B L E .  2 . 3  
COPPER TUBE EVAPORATOR. 
D e te rm in a t io n  o f  ( + 1 A w ) a t  50°C
T e s t  P eed  P eed  Temp. 
No. R a te  f a )
l b s / h r  I n  O ut
H e a tin g  W ater 
Temp. ( p ) .
I n  Out
A t
m
SERIES : 1
j l .
2.
3.
4 .
5 .
6 .
7 .
8 .
9 .
10.
11.
12.
13.
14 .
15 .
5 5 4 .5
6 0 7 .4  
6 1 8 .7
6 6 7 .5
7 2 2 .0
8 1 1 .5
8 1 8 .0
8 5 3 .0
8 6 0 .5
8 8 8 .5
9 0 5 .0  
9 2 4 .2
9 7 5 .0
1 0 9 2 .0
1 0 9 4 .0
SERIES : 2 .
1 .
2 .
3 .
4 .
5 .
6 .
7 .
8. 
9.
10.
11.
12.
13.
14.
15.
8 3 2 .0
8 4 8 .0
8 9 5 .0
9 0 0 .0
9 2 1 .0  
1032 
1053 
1072 
1127 
1151 
1160 
1176 
1263 
1293 
1298
4 8 .0 9 1 .8 1 2 2 .0 1 1 8 .6 4 6 .5 242704 9 .0 9 1 .9 1 2 2 .0 1 1 8 .4 4 5 .9 260404 8 .0 9 1 .0 1 2 1 .7 1 1 7 .8 4 6 .0 266004 8 .2 9 1 .2 1 2 2 .0 1 1 8 .2 4 6 .6 287004 8 .2 9 0 .8 1 2 2 .0 1 1 7 .9 4 6 .6 307004 7 .7 8 9 .6 1 2 2 .0 1 1 7 .5 4 7 .4 340004 7 .8 8 8 .6 1 2 2 .0 1 1 7 .0 4 7 .7 33400
4 7 .6 8 8 .8 1 2 2 .0 1 1 7 .0 4 7 .9 351504 8 .0 8 9 .1 1 2 2 .0 1 1 7 .3 4 7 .6 35 ,3 8 0
4 7 .3 8 8 .5 1 2 2 .0 1 1 7 .2 4 8 .1 366004 8 .2 8 8 .5 1 2 2 .0 1 1 7 .1 4 7 .7 364804 7 .8 8 7 .9 1 2 2 .0 1 1 6 .4 4 7 .8 37060
4 8 .0 8 7 .8 1 2 2 .0 1 1 7 .8 4 8 .7 38700
4 8 .7 8 7 .3 1 2 2 .0 1 1 6 .6 4 8 .0 42140
4 7 .1 8 6 .0 1 2 2 .0 1 1 6 .4 4 9 .4 42540
4 8 .7 8 8 .3 1 2 2 .1 1 1 8 .1 48 . 37 32930
4 8 .7 8 8 .2 1 2 2 .0 1 1 8 .0 4 8 .3 5 33480
47., 8 8 7 .3 1 2 1 .9 1 1 7 .6 4 9 .0 0 35350
4 8 .8 8 8 .1 1 2 2 .1 1 1 7 .6 4 8 .1 7 35370
4 7 .6 8 7 .4 1 2 2 .1 1 1 7 .5 4 9 .0 0 36650
4 8 .7 8 6 .0 1 2 2 .0 1 1 7 .0 4 9 .1 5 38500
4 7 .8 8 5 .7 1 2 2 .0 1 1 6 .8 4 9 .9 2 39900
4 8 .2 8 5 .9 1 2 2 .0 1 1 7 .1 4 9 .5 0 40400
4 6 .8 8 4 .5 1 2 2 .0 1 1 6 .9 5 0 .7 8 42500
4 7 .5 8 4 .3 1 2 2 .0 1 1 6 .6 5 0 .4 7 42360
4 7 .8 8 4 .0 1 2 2 .0 1 1 6 .7 5 0 .1 3 42800
4 7 .5 8 4 .2 1 2 2 .0 1 1 6 .6 5 0 .5 2 43170
4 9 .6 8 4 .3 1 2 1 .9 1 1 6 .0 4 9 .2 8 43800
4 8 .6 8 3 .7 1 2 2 .0 1 1 6 .2 5 0 .2 0 45370
4 8 .7 8 3 .6 1 2 2 .5 1 1 6 .1 5 0 .3 5 45290
0 3 0
( TABLE. 2 .3  )
H e a tin g  A rea o f  T ube, B ased  on av e rag e  o f  i n t e r n a l  and 
e x te r n a l  d ia m e te r s  = 1 .2 7 5  sq* f t .
U i  *  106 *
f t / s e c
i0 *4
STSX 10
T e s t 
5 No.
4 0 9 .4 2443 2 .0 6 2 6583 7630
4 4 5 .2 2246 2 .259 6582 8350
4 5 3 .5 2205 2 .3 0 0 6615 8460
483*4 2079 2 .485 6996 8645
5 1 7 .0 1934 2 .686 6617 9880
5 6 3 .0 1776 3 .019 6695 10900
5 5 0 .0 1818 3 .0 4 7 6750 10994
5 7 6 .0 1736 3 .1 7 3 6740 11460
584 . 0 1712 3 . 200 6700 11620
5 9 8 .0 1672 3 .3 0 5 6763 11890
6 0 1 .0 1664 3 . 365 6732 12160
6 0 9 .2 1641 3 .4 4 0 6740 12440
6 2 4 .2 1602 3 .6 2 5 6765 13040
6 8 9 .0 1451 4 .0 6 0 6750 14640
6 7 6 .0 1479 4 .0 6 7 6885 14360
5 3 4 .5
5 4 4 .5
5 6 6 .0
5 7 6 .0
5 8 7 .0
6 1 5 .0
6 2 7 .0
6 4 0 .0
6 5 6 .5
6 5 8 .0
6 7 0 .0
6 7 0 .0
6 9 8 .0
7 0 9 .5
7 0 5 .5
1871
1836
1767
1736
1704
1626
1595
1562
1523
1520
1493
1493
1433
1409
141V
3 .095  
3 .1 5 4  
3 .3 3 0  
3 .3 5 0  
3 .4 2 7
3 . 838 
3 .915  
3 .985  
4 .1 9 2
4 . 283 
4 .3 1 5  
4 .3 7 4  
4 .7 0 0  
4 .8 1 2  
4 .8 3 0
6708
6715
6792
6710
6802
6812
6868
6841
6975
6950 
6919
6951 
6850 
6912 
6912
11230
11425
11930
12160
12270
13700
13880
14190
14630
15010
15190
15310
16700
16950
17000
4 5 .9 1
4 6 .59
48 .43
4 8 .90
4 9 .53
54 .20
54 .88
5 5 .7 4
57 .61
58 .68  
5 9 .1 4
5 9 .69  
63*59 
6 4 .5 6  
6 4 .76
2179
2147
2065
2045
2019
1845
1822
1794
1735
1704
1691
1675
1573
1549
1545
S e r ie s * 1*
3 3 .4 2 2992 1.
35 .96 2781 2.
36 .41 2745 3.
3 7 .88 2640 4.
4 1 .21 2427 5.
4 5 .0 4 2220 6.
4 5 .2 3 2211 7.
4 6 .7 4 2140 8.
4 7 .1 7 2120 9 .
48. 22 2074 10.
4 9 .0 1 2040 11.
49 . 86 2006 12.
53 .13 1882 13.
56 .90 1758 14.
56 .53 1769 15.
S e r ie s  :2. 
1 .
4.
5.
6 .
7 .
8 . 
9 .
10.
11.
12.
13.
14.
15.
T A B L E .  2. 31.  
COPPER TUBE EVAPORATOR. 
D e te rm in a t io n  o f  ( 1 A W ) a t  80°C.
T e s t  F eed  F eed  Temp. H e a t in g  W ater A t a
No. R a te  ( °F  ) Temp. ( F ) .  m
_______l b s / h r  I n  O at______In ______Out_________________
SERIES : 1 .
1 . 3 7 3 .0 4 6 .4 1 4 1 .5 1 7 6 .0 1 7 1 .6 68 . 20 35460
2. 4 5 0 .5 5 5 .6 1 4 0 .2 1 7 6 .0 1 7 1 .0 6 5 .8 0 38110
3. 4 5 2 .2 4 8 .2 1 4 2 .6 1 7 5 .9 1 7 0 .5 6 5 .6 6 42700
4 . 4 5 2 .5 4 7 .2 1 4 2 .4 1 7 6 .0 1 7 0 .6 6 6 .5 2 43100
5. 4 8 1 .0 4 6 .4 1 3 6 .4 1 7 5 .9 1 7 0 .5 7 2 .2 0 43290
6 . 5 1 5 .0 4 7 .8 1 3 5 .3 1 7 5 .9 1 7 0 .2 7 1 .7 0 45050
7. 5 3 9 .0 4 8 .2 1 3 5 .8 1 7 6 .0 1 6 9 .8 72. 60 46140
8. 5 6 0 .0 4 6 .4 1 3 3 .5 1 7 6 .3 1 7 0 .3 7 4 .4 0 48780
9 . 6 0 5 .0 4 7 .5 1 3 1 .0 1 7 5 .7 1 6 9 .6 74. 80 50500
10. 6 2 4 .0 4 8 .6 1 3 1 .5 1 7 6 .0 1 6 9 .2 7 3 .5 8 51720
11. 6 2 5 .3 46 . 4 1 3 0 .7 1 7 5 .9 1 6 9 .2 7 6 .0 0 52700
12 . 6 5 3 .0 4 7 .3 1 3 2 .5 1 7 5 .9 1 6 9 .1 7 3 .3 0 55630
13. 6 7 1 .5 4 6 .4 1 2 9 .8 1 7 6 .3 1 6 9 .0 7 5 .8 6 55940
14. 7 1 3 .0 4 8 .9 1 2 8 .7 1 7 6 .2 1 6 8 .7 7 5 .5 0 56900
15. 7 3 8 .0 5 1 .7 1 3 0 .1 1 7 6 .0 1 6 8 .4 73 . 20 57850
16. 7 5 7 .0 4 8 .2 1 2 7 .1 1 7 6 .0 1 6 8 .0 76 . 35 59700
17 . 8 0 6 .0 4 7 .2 1 2 6 .2 1 7 6 .0 1 6 7 .9 77 . 30 63650
18. 8 7 6 .6 4 8 .2 1 2 4 .6 1 7 5 .7 1 6 8 .3 7 8 .3 0 67000
19. 9 2 8 .0 5 0 .8 1 2 5 .2 1 7 6 .3 1 6 8 .2 7 7 .1 0 69000
20. 1 0 0 5 .0 4 8 .2 1 2 3 .0 1 7 6 .1 1 6 7 .1 78 . 70 75200
21. 1 0 5 0 .0 4 6 .8 1 2 0 .5 1 7 5 .3 1 6 5 .5 7 9 .6 0 77400
SERIES : 2 .
1 . 1048 4 7 .8 1 1 9 .7 1 7 6 .0 1 6 7 .0 8 1 .2 0 75350
2. 1054 4 7 .5 1 2 0 .0 1 7 6 .1 1 6 7 .4 81 . 35 76400
3. 1084 4 7 .1 1 1 9 .2 1 7 6 .0 1 6 7 .6 8 2 .2 0 78100
4 . 1104 4 6 .6 1 1 8 .4 1 7 6 .0 1 6 7 .0 8 2 .5 0 79250
5 . 1134 4 7 .7 1 1 8 .3 1 7 6 .0 1 6 7 .2 82 . 35 80000
6 . 1203 4 7 .4 1 1 6 .0 1 7 6 .1 1 6 6 .8 83. 80 82500
7. 1204 4 8 .2 1 1 6 .6 1 7 6 .1 166. 6 82 . 90 82300
8. 1224 4 8 .2 1 1 5 .7 1 7 6 .2 1 6 6 .2 83 . 30 82600
9. 1236 4 7 .5 1 1 5 .1 1 7 6 .1 166 . 8 8 4 .4 5 83500
10. 1252 4 7 .7 1 1 5 .2 1 7 6 .4 1 6 6 .6 8 4 .2 0 84500
r
(TABLE. 2 .3 1 . )
H e a tin g  A rea  o f  Tube = 1.275 s q . f t .
U jy*106 V Ji x 10 DV  ^
f t / s e c  P'
V0 .8
074
0 .4
V0.8
x 10* T e s tNo.
SERIES : 1.
4 0 8 .0 2451 1 . 388 4915 6863 27. 37 3654 1.
4 5 4 .0 2203 1 .6 7 8 4700 8656 32 .41 3085 2.
5 1 0 .0 1961 1 . 682 4850 8442 3 2 .0 2 3123 3.
5 0 8 .0 1969 1 . 683 4875 8400 32.05 3120 4.
4 7 0 .0 2128 1 .7 8 8 5050 8623 33 .16 3016 5.
493*0 2028 1 .9 1 6 5040 9250 3 5 .07 2851 6.
4 9 8 .5 2006 2 .0 0 5 5075 9620 36 .27 2757 7.
5 1 4 .0 1946 2. 083 5135 9870 37. 22 2687 8.
5 3 0 .0 1887 2 . 250 5280 10367 41 .95 2384 9 .
5 5 1 .5 1813 2 .3 2 0 5135 11000 4 0 .5 7 2465 10.
5 4 4 .0 1838 2 .325 5217 10766 4 0 .39 2476 11.
5 9 6 .0 1678 2 .4 3 0 5135 11520 4 2 .1 0 2375 12.
578 .5 1729 2 .4 9 7 5250 11560 4 2 .6 4 2345 13.
5 9 1 .5 1691 2 .6 5 3 5208 12400 4 4 .9 1 2226 14.
6 2 0 .0 1613 2 .7 5 0 5080, 13164 46. 68 2142 15.
6 1 3 .0 1631 2. 815 5280 12980 46. 84 2135 16.
6 4 6 .0 1548 3 .0 0 0 5240 13935 4 9 .4 3 2023 17.
6 7 1 .0 1490 3. 260 5358 14820 5 2 .3 6 1910 18.
7 0 2 .0 1425 3 .4 5 2 5255 15920 5 5 .2 4 1811 19.
7 5 0 .0 1333 3 .7 4 0 5410 16840 5 8 .2 1 1718 20*
7 6 3 .0 1311 3 .905 5535 17180 59. 60 1678 21.
SERIBIi
7 2 7 .5 1375 3 . 896 5527 17180 5 9 .6 4 1677 1.
7 3 7 .0 1357 3 . 920 5533 17260 5 9 .9 1 1669 2.
7 4 5 .0 1342 4 .0 3 0 5568 17640 6 1 .1 0 1637 3.
753 .5 1329 4 .1 0 5 5610 17820 6 1 .8 0 1618 4.
7 6 3 .0 1311 4 .2 2 0 5580 18370 6 3 .3 3 1579 5 .
7 7 2 .0 1295 4 .4 7 0 5667 19220 6 5 .9 0 1517 6 .
7 7 9 .0 1284 4 .4 7 4 5616 19400 6 6 .1 9 1511 7.
7 7 8 .0 1285 4 .5 5 0 5650 19620 6 6 .9 3 1494 8.
7 7 6 .0 1289 4 .5 9 6 5695 19660 6 7 .2 5 1487 9.
7 8 7 .0 1271 4 .6 5 6 5690 19910 6 7 .9 8 1471 10.
T A B L 3 .  2 . 4 .
COPPER TUBE EVAPORATOR .
LETAREIHATI OR OF COEFFICIENTS FOR WAT2 R .
T e s t Evapo­ Feed T ube- iuux • 4 A tm
Ho* Feed r a t i o n . Temp; Top Temp.
R ate
l b s / h r
0 Tgmp. o f B .T h .U / o
l b s / h r F L iq u id
OTT\
h r .  F .
1 . 2 0 .4 0 1 5 .9 4 6 0 .8 16 0 .7 1 6 8 .8 18020 1 4 .1 4
2 . 3 1 .7 3 1 4 .2 7 5 4 .0 1 5 8 .5 1 6 9 .4 17635 1 6 .8 0
3 . 3 8 .4 9 1 3 .3 9 6 6 .2 1 5 9 .9 1 7 1 .0 17025 1 3 .8 1
4 . 4 0 .5 8 1 3 .3 3 5 2 .7 1 5 8 .3 1 6 9 .0 17665 1 7 .5 4
5 . 4 3 .4 8 1 2 .7 4 5 1 .8 1 5 9 .1 1 6 9 .7 17445 1 7 .3 4
6 . 5 3 .3 8 1 2 .6 4 5 4 .5 1 5 9 .1 16 9 .7 18260 1 6 .3 2
7 . 5 3 .5 8 1 2 .3 8 5 4 .3 1 6 0 .2 1 7 0 .0 18090 1 8 .0 0
8 . 5 5 .0 9 1 2 .1 2 5 2 .7 1 6 0 .2 1 6 7 .6 18070 19 .4 5
9 . 5 6 .4 3 13*13 4 4 .8 1 5 9 .5 1 6 8 .2 19640 1 9 .1 5
1 0 . 5 7 .2 8 1 2 .8 8 4 5 .5 1 5 9 .1 1 7 0 .1 19850 1 8 .9 0
1 1 . 5 7 .7 2 1 1 .4 8 4 6 .8 1 5 9 .5 1 7 0 .2 18015 1 7 .3 0
1 2 . 5 8 .2 7 1 2 .3 7 4 8 .2 1 5 8 .4 1 6 8 .3 18840 2 0 .8 0
1 3 . 6 1 .0 3 1 2 .1 3 4 8 .4 1 6 0 .4 1 6 6 .5 19020 2 2 .8 5
1 4 . 6 1 .1 0 1 1 .8 9 5 4 .5 1 5 8 .9 1 6 8 .8 18315 1 9 .1 2
1 5 . 6 1 .8 4 1 2 .1 2 4 8 .4 1 5 9 .5 1 6 9 .7 19030 1 6 .8 2
1 6 . 6 2 .5 4 1 1 .7 7 5 6 .0 1 5 9 .1 1 6 9 .6 18300 1 9 .2 0
1 7 . 6 3 .4 5 1 2 .6 2 5 1 .8 1 5 9 .1 1 6 8 .3 19470 18 .4 2
1 8 . 6 3 .8 8 1 1 .7 8 5 1 .3 1 5 9 .2 1 6 9 .5 18715 1 8 .5 5
1 9 . 6 4 .8 8 1 1 .6 8 5 6 .8 1 5 8 .9 1 6 8 .6 18345 2 0 .5 0
2 0 . 6 5 .7 6 1 1 .5 6 46 .4 1 5 8 .5 1 6 8 .7 18970 20 .7 7
2 1 . 7 1 .0 2 1 1 .0 7 5 1 .8 1 5 9 .2 1 7 0 .6 18740 1 9 .1 0
2 2 . 71 .69 1 1 .2 9 5 1 .8 1 5 9 .1 1 6 9 .2 19020 1 9 .8 0
2 3 . 7 2 .1 7 1 2 .3 7 46 .6 1 5 9 .5 1 6 8 .3 20550 18 .82
2 4 . 7 5 .3 2 1 1 .1 5 4 5 .5 1 5 9 .5 1 6 8 .7 19770 2 4 .6 0
2 5 . 7 7 .6 6 1 1 .7 6 4 7 .1 1 5 8 .7 1 6 8 .6 20470 2 2 .6 0
2 6 . 7 7 .7 1 1 1 .8 1 4 7 .3 1 5 8 .4 1 6 8 .3 20485 2 0 .9 4
2 7 . 7 7 .8 0 1 1 .5 0 4 6 .4 1 5 9 .7 1 7 0 .0 20350 1 9 .4 8
2 8 . 7 8 .1 0 1 1 .4 5 5 0 .0 1 5 9 .9 1 7 0 .1 20070 19 .1 4
29 • 7 9 .9 3 1 1 .2 3 4 9 .3 1 5 9 .5 1 6 9 .7 20060 2 0 .5 8
3 0 . 8 6 .6 6 1 1 .2 6 4 7 .3 1 5 9 .8 1 6 9 .8 21040 20 . 26
3 1 . 8 7 .6 0 1 1 .1 0 4 5 .5 1 6 0 .2 1 7 0 .6 21170 23 .52
3 2 . 8 7 .9 1 1 1 .2 1 4 9 .3 1 6 0 .2 1 7 0 .4 20995 2 0 .0 8
3 3 . 8 8 .0 1 1 0 .9 6 5 2 .7 1 6 0 .2 1 6 9 .8 20450 2 3 .9 5
3 4 . 8 8 .0 3 1 1 .0 8 4 6 .4 1 6 0 .2 1 7 0 .6 21130 19 .88
3 5 . 8 8 .1 2 1 0 .9 6 4 6 .4 1 6 0 .2 169 .7 21030 22 .3 0  2 3 .4 4
3 6 . 8 8 .8 8 1 0 .9 0 5 5 .4 1 5 8 .7 1 69 .7 20115
3 7 .
3 8 .
9 0 .0 8
9 7 .6 2
1 1 .3 8
1 0 .6 2
4 6 .5
3 5 .5
1 6 0 .2
1 6 0 .0
1 7 0 .4
1 6 9 .0
21670 
21830 
* b *>10
a  6*2 ao
21 .OQ 
2 2 .4 5  
9.4*40
3 9 . 1 1 2 .0 8JiJL* -  4 ft-
io -78
AO -o5
k ^ h
4 46 •
A48 • 6 
A 48- 8 a » -8 I d
U
(12>S)
( T a b le . 3 .4 )  j 
H e a tin g  W ater a t  8 0 1 .
T o ta l  H eat T r a n s f e r  krea o f  Tube « 1 .2 7 5  s q . f t .
qJfB ^B B  uub Zitjg f B o ilin g  IJg 
' Area
6t- frS q .F t .
hB
l o o o
823 
968 
791
790 
878 
788 
729 
805
824 
• 818 
710 
i6&7 
752 
885 
748 
M * r
791 
702 
716 
770 
754 
857 
631 
710 
768 
820 
823 
765 
815 
706 
820 
670 
834 
740 
674 
810 
763 
693
2205 
3660 
4035 
4725 
5122 
6310 
6200 
6360 
6970 
7130 
7185 
7000 
7205 
6980 
7500 
7100 
7590~
7550
7250
6030
8440
8420
8780
9190
9430
9400
9610
9370
9630
10610
10950
10650
£0300
10930
10860
10160
11170
12050
13680
5 9 .8 4
3 5 .8 0  
2 7 .5 4
4 0 .6 5  
4 1 .4 0
3 7 .1 0
4 6 .8 0  
5 1 .6 4  
4 7 .9 0
5 4 .8 0  
4 2 .5 0  
43*75 
4 5 .3 8  
4 2 .6 0  
4 1 .7 8  
5 1 .4 8  
4 1 .4 0
4 1 .7 0
46 .66  
48 .00  
38 .58  
41 .18  
43 .75
47 .77
4 3 .1 0
45 .78  
41 .43  
43 .20  
42/48 
42*22 
47*67 
42*00 
46*90 
39*83 
44130 
45192 
40 44 
39111
159 15815
368 13975
528 12990
418 12940
445 12325
612 11950
477 11890
443 11710
626 12670 
510 12720
604 10890
576 11840
457 11815 
505 113355
596 11530
496 11200 
593.112080 
558 11165
419 11095 
516 10940
572 10300
535 10600
619 11770
415 10580
572 11040
554 11085
625 10740
585 10700
543 10430
603 £0430
472 10220
808 10345
452 10150
623 10200
529 10170
455 9955
1595 10500
£54 9780
562 9830
1 0 .6 4  11 .0430 
1 1 .2 0  ( 0 .9970  
1 0 .0 0  0 .9970 
1 1 .1 0 1 0*9970
1 0 .6 5  0 .9970 
1 0 .5 5  0 .9970
9 .9 8  10 .9970  
1 0 .5 1  I 0 .9970
1 1 .1 1  
9 .80
1.0425
1 .0200
1 0 .3 0  pcr.6970 
4 1 * 4 1 f *
1 2 .8 7  
10.66 
9 .9 0  
1 0 .2 5  f 0 .9970  
10*91  
10.381 0 * 5 0 6  
1 0 .7 4  1 5 .9040
Jfc j£70
0.9505
m ksm ?
10 .04
10 .58
10 .46
10 .93
11 .03
1 2 .6 0
11.10
9 .5 0  
9 .6 5  
9 .9 8  
9 .6 4  
9 .5 6  
9 .5 3
9 .5 0  
9 .2 3  
9 .3 1
1 0 .2 4
9 .6 2
9 .5 5
1 0 .1 8
0.9505
0.8925
0.8925
0.9505
0 .8110
0.8925
0 .9040
0 .9040
0 .9040
0.8575
0.8575
0 .7 8 8 0
0 .8575
0 .7880
0 .8346
0 .8 1 1 0
0 .7 8 8 0
0 .8 1 1 0
0*7185
0*6955
1426
1252
1330
1170
1161
1137
1196 
1118
1095 
1272 
1062 
1040
991
1099
1197
1096 
J 2 H  
1132 
1143 
1147 
1092 
1135 
1134 
1182
982
1105
1200
1227
1220
1262
1358
1267
1358
1324
1348
1235
1346
1424
1390
3215
2510
2840
2200
2170
2085
0
9020
1930
2580
1845
1760
1640
1960
2290
1950
IfflUT
2070
2110
2120
1940
2075
2070
2235
1620
1970
2310
2410
2380
2550
2970
2570
2970
2815
2930
2450
2755
3310
3130
1670
1223
1580
1156
1155
1355
1150
1030
1186
1269
1217
999
892
1075
1390
1156
976*
1003
1113
1080
1305
844
999
1107
1220
1217
1102
1210
984
1220
915
1253
1051
923
1198
1098
959
945
in
03
•
m
a
pq
<
iH
p q
pqto
tUD
3
■H
H  05
■H © 
Opq <
p«H
O*ffi
*»" * < 1  °
pqo<
o
©<
•d
S* pi fto* a&t 
•H © *
m
© ft ft S • 2 o ©pfe, EH ^
P  «d f t  • •H © 0 cj © ©« Mft EH
Q 0 *C} 
f t * H ^
OS P  ©>  «3 rO »  h H
»d ©'-^ • 
© p  ra h© © ,© .aW H
P  © •© O lEH fei
O t O t D C > C 0 C 0 O 3 r H O } t O 0 * C 0 C 0 O C 0 ' ‘t f tOC0Ni<£>-O2tOa>C003lO Q>• • • • • • • ■ • • • • • • • • • • • a * * * * * *  •
H iq^tf3  0H iq< < © O toO O H © i> H W W N (M i£)© ioo}0  O 
W H H r i O J O H O O O i M O O W O O C O C O M O ^ M W ^ ^ H  O  
CQCOCOCQo3COCOCOCOa3COCOCOCQCOCOCQCOCOCOCOCOCOCOCOeO 03
U3CQt:)lf)WCDHU)tQOOOOHv0Hl0CQ^D':i<,^ O ^0a» '^  H1 C- * * • • * • * • * • • • • • » • « • • • • • • • « •  •
Ot OI Qt Ot >- i r 3 t Of c ' - r HC«- l Ol Ot OGOO>OCDOr Ht Ot OH, t O a D t 0 0 3  03 
f f l l S I M M q © t > 0 | v i O f f i © © © © t * © © © © © © © © © C > *  to 
02 03 03 03 03 03 03 03 03 03 03 03 03 03 03 03 03 03 03 03 03 03 03 03 03 03 03
OfflC0 O O 01^©ff i©C0 t£)^iOi0 lOOOl OOOi Oi OOOO o
t 0 0 3 0 2 t 0 t 0 H ^ 0 > 0 3 0 3 0 3 0 > « O 0 3  03 0 3 O O 0 3 J > * C * - 0 3 W O t - O  O  
t 0 H r H C 0 C Q O 0 3  0 0 i H H r H 0 0 t 0 ,^ ‘sJ<,^ W 0 3 ,^ O 0 » ,^ ' t H 0 3 a » 0 3  03 
H H H H H H H O r l H H O O O O O O O O 0 > 0 » O O O 0 > O  O• • • • • • • • • • • • • • • # • • # • • • • • • •  •
H H H H H H H H H H H H H H H H H H H O O H H H O H  rH
rH
03
O C D 0 3 « O 0 3 O 3 C ^ O 3 O a > i f 3 a > t 0 C v 3 C D O C 0 C 0 O Q ' ,!l, C\3rHO3^ O  
r H C \ 3 C > r H C V 3 C V 3 0 c a < T > a > ' < ^ L Q l > C O O O O i r 3 ^ ' ^ 0 ^ 0 3 t O t O ^  H*
•  • • • • • • • • • • • • • • • • • • • • • • a * *  •
l O l O ^ t t ^ ^ ^ l O ^ ^ C Q ^ ^ C O ^ - t H t O C O C Q ^ ^ t O ^ C O C Q C O C O  03 
r l r l r l r l r l H H  rH H r H H H H f H H H H H H H H H H H H H  rH
J » H t D ^ I O i S M O > T l l ^ C V ! O C Q O W ^ t O O O ^ ^ O i C Q a O i O C O  O  
0 0 > O U J « « f f l W © C 5 ) f f l H © i O l O f f i O » 0 > t < ) r H © 0 © ^ O H  fc- 
C 0 < 0 k 0 C - H r H t 0 r H < < a > l Q 0 3 C 0 ^ H 0 » C D a > a » 0 3 I > “ 0 » 0 3 O r H 0 > O  03 <t*H«<i<«sJiH«H<H»Tf*<<i«CO'sf‘H<COxHCOCOCOCO'tfCOCOH1H»,'tfCOCO CO
0>0>03E' “ O r H C 0 £ - t 0 0 3 O C 0 O " ‘t f t 0 <' s | l l OCC>r H0 3 i OOr Hi QOi Q H4
•  • •  • • • • • • • • • • • • • • • • • • • • • a *  •
^ i 0 O © H r l ^ i O l £ } t } < C 0 O H l 0 C 0 © © ^ ^ , © t * O © © C -  £~ H  
CQ03COC00303C003C003iQCOCOH4 COCOCQ'ti4 ' <i«EO«#t Ol Qt aH4 CO 03 
03 03 03 03 03 03 03 03 01 03 03 03 03 03 03 03 03 03 03 03 03 03 03 03 03 03 03
( 7>t 002i HC0rHCr>l QCC>l Os i Ha0a003CQG0OC0a30*G0CQt OOt 0l Q O  © t 0 t 0 a > O ,’4, C 0 O O i O ^ a > O O 0 3 l > - C >- 0 3 O O C v 3 t O t 0 a 3 i H G 0  O• • • • • • • • * • • • • • • • • • • • • • • • • •  •
CDCOfc-C'-S^fr-GOOfc'-tOtOtOtOfc-tOlOtOtOfc'-tOtOtOlOtOtOtO to 
H H H H H H H r l i H H H H H H H H H H H H H H H H H H  rH
J > « t f H < 0 0 > t f i t Q t 0 0 3 O C D C Q t O H O c a 0 > O < 0 I > 0 3 0 > O H l > - 0 *  03 
r H E > l > * l O O O © O H c O O C D C 0 0 3 l O O > l > C O O > G O C O a » i H t O C O O »  rH 
^ t 0 H W © © i q © H l S C Q © j > - t Q f f i i > O O i M © H W H t Q O  £“• W
© t 0 t 0 C D l 0 < 0 C 0 f r - l 0 C D r H U D 0 3 H i 0 3 H * I > i 0 l > * l > » l > 0 > ^ i l i 0 O r H  O  • • • • • • • • • • • • • • • » • • • • • • • • • •  •
O 0 > O 0 » O O 0 > O O O O O H O H H r i H O r | H O H H H 0 |  CO 
H O H O H H O H H H H r l H H H H H H r l H H H H H r l  r l  rH 
r j H r l H H r l H H H H H H H r l H r l H H H r l H H H H r H  H  rH
a>HCOe-a>Oa»CDCQ^£>l>03iOOOOOO>iOCDHtOtQtO c- « tow w w w w w w w w w w w w w w w W W W ^ - w w w - ^ - ^  w w
0 3 C O t 0 0 3 C 0 ^ 0 3 C O t O ^ H 0 3 C O ,^ ‘ 0 3 ^ ^ ’«l»<si«03H( COCOtOCOCO^ IQo o o o o o o o o o o o o o o o o o o o o o o o o o  o
H H H r l H H H H H H H H H H H H H H H H H H H H H H  rH
i O O 3 r H C 0 G 0 U 3 t - r H C 0 0 0 O O 3 t O ^ O C D i O r H C 7 > l O O O O 0 3 H < O  £~ « • • • • • • • • • • • • • • • • • • • * • • • • •  •
O C O a > t f 3 i H O C O r H 0 3 i O O » t “ C O l O « O t O O > a » O C » 0 ^ 0 > 0 « C J »  03
i O ^ ^ U ^ l O t Q r f t O t O L Q i f S l O i O l O i O i O ^ ^ H m ^ t O l Q i O l Q i O i Q  l£3 
O&3C0rH&*‘ 0 > O a » C 0 0 3 t O t 0 0 3 O O t O C - ,'5t4 0 3 O C 0 O E - C 0 i O H 4 0>
©  CO O) It) O  O  ©  0 0 > C - H 0 3 i O C 7 » l > i Q a O O O ,^ 0 3 a > ' ^ O C v 3 C 0 0 3  H  « • • • • * • • • • • « • • • • • • • • • • * • • •  •
H H O H O O H O O o > H d a » O f l » o o » o » 0 ( J » o > O O O o » o >  00 
H H H H H H H H r H  H  H  rH rH rH rH rH
t o a > o 3 o > f f > t o a » i > c o ,t i < r H ^ H 0 3 0 r H a » a o H i O v o H < o 3 o % H a » H ( to 
t O G 0 ^ 0 0 C 0 0 > H C 0 ^ O 3 O 3 C D C 0 H H H C 0 t O r H t 0 r > O 0 0 O O H ‘ O  • • « • « • • • • • • • • • • • • • • • • • • *  • * •  •
l O U 5 t O t O O O O O O ^ C r > O i O r H « H 0 3 v H ^ l O t O t O O O O C O O > 0 > 0 0 0  rH 
H r H r H r H f H r H r H ( H r H 0 3  03 03 03 03 03 03 03 03 03 03 03 03 03COCOCO CO
• • • • • • • • • • • • • • • • • • • • • • • a *  • •
H 0 3 C 0 ^ l T 3 t O t - C D 0 > O r H 0 3 C 0 ‘^ l O t 0 f c * ‘ C D 0 > O r H 0 3 C 0 ^ l O i 0  O
r Hr Hi Hr Hi Hi Hr Hr Hr H» H0 3  03 03 03 03 03 03 03
< \ b 1 j
EH
PQ
to
a  •M tt 0 
O P
PQ
+»
* h•
C*
02
w a■P H-
<  *
PQo<
8  4* O <
O*
• d•H •• d Q>
H &Si*i
•H ©  o  
P i EH
0  Pi
S* 9 ^p  O  © o
a
] rH net P i d © 8 
*H © ©
+* Eh
I P  P  
O O -ri 
Pi*H 
00 -P >  08 d p
eo
«d ©© +3
© aj
P
©
&
H
•PtQ •© o
Eh fei
CV2rHa>00CVJOoa3CQt0OrHC01>-Oe0e9OC'-<sl»OOlQlQ'tftQiOt<i
•  a a a a a a a a a a a a a a a a a a a a a a a a a  a aHiOcOO00£>tO^HHOHWO^CQtD*>-*>-G0CVJ^rH^rHrHCD»HiC5
• ^Hr HOcOCVl Nj l COCOrHeMCOvDCOO>t OO>00>I>aDi Ol OrHl >- l OOO»0COtOiSHtttoCQCOeOtOCOCftCOtftOOCQCQW'tfWCOtQ^'tf^^ '^sHiO
Q0'OVC00>iOH0>if5t<5JOiOO>OO>0>tPOOa>O^O','l, CV300Cv300H• • • • • • • • • • • • • • • • • • • • • • • • « > • • •
tO iO b-^ tQ iiJ^O C D lM O C D O O W ^t-^t-aJM O IM sO O iO ^C3>l>-C«-tjOO>GOO>0>OOl>-GOOOrHa>CQrHCQ^ COrH03l>-t>-s}*a^ COCftvHCMCVlCV3a3CMCV3Cv}(MCv3CV3<MOJt<3Cv3COCOCPCQCQCOCOCOtQCQt<3CQC<5^
©QOOOO©OiO£-I>-C-iO«tOtQiQt0iOOtPtOiOiOiOioOCO t>OC'-i>-OC-M>-OKlCOC<DOOCV}WJ>^£>a)t>HQOlt)lQMCrt^) CftC\J<J»0»CVlO>0»C\JlOl>-£-J>-lQlOa>a»lQCOlQCDtOTt«rHcr»a*fr-^C\J <JiO0>0»©0>0»0>0>0>C^0»0»a>CDG0£Da000*>-C0l>O<JDt0t0t0^0 
•  • • • • • • • • • • • • • • • • • • • • • • • • • • a
O r - t O O H O O O O O O O O O O O O O O O O O O O O O O O
O O O O O ^O  
<7» O  o  a> CO £>
t O ^ O O O C O O O N l > - t O I > C O ( M C - O t ' ^ O H C O C O O J
i H ' s H - « t f a O C v 2 r H l > - C D t a O > < D a O r H a } C O a » t O l O I > - I > - I > -
W W W W O l H C O W M M H W W H H H H H H H t M O O O O O O O
f H H H H H r l H H H H H H r H H H H H H H H r l H H H r t H H H
C ^ O ^ O ^ i O e O i O l O O C M ^ t O O H C O i O O ^ C C l i O O J O i O C v J C O i O i Q l P
O i G O i H ^ ^ C V l f l O v O O a O ^ C O C O ^ t O C D l Q O C M O C v J O J t O C - l O l O l O I P
0«j DCO^ coc oGD( M' <t f <M<Mf c - i oc a i a r H< tf^'«t<a o ^ o a > t Q a o i > ' £ ' - a >^tPCQCOCOCOt<5COCOCOtOCOK>tOtOtQtOcOC002CQCO(M(MCv3(MWCv5 
I X M O C D C 0 O  WCOi QCO© <3> «0 OCOCQCv3t OOCOCDOi Oi OCQ«»OCv2
•  • • • • • • • • • • • • • • • • • • • • • • • • ■ • a
J > ^ 0 £ > l O r H t O O ^ O » t O C O ' ^ ' ^ £ > C r H c O C \ 2 r H t O O a ^ ^ l O G O l > - i H
^ ^ ^ C O i i O v O t O C O C M t O ^ t O ^ O t O l O t O i O l O C - ^ l O l P l O ^ t O C O t O I P
<MCv3C^CV}CVj(MCvJ(M(MCVjC\3CVl(MCV20j03Cv3a202<M(MCv3CV3(M(MCv3CV3cM
O C J ! M O > O i O C O © O H t O H H O H C « - © H H © t O O » O I S « O i O ^
^ O i ^ l P C Q H a i H O i C D l P C O O O l o a i H C - C O a D t O O W t O t j O O r H x H
•  • • • • • • • • • • • • • • • • • • • • • • • a * * *
t Ol Oi Ql Ot O ' t f l Ot Ot Ol Qi Qi Ot Of c - v OUOi Ot Ol Ot Ot Ot OC ' - i Ot QCOCOa O
H r l r H H H H H H H H H H H H H H H H H H H H r l H H H r l H
8 t o ^ « x > c o t » » t r > r H c j > ' ^ i > * i o O ' ? l | c O H i < c o o » t o ^ >« ! l « o a i ? - © « o © ‘0  
l O H C 0 l > © C 0 ^ ' s H C V l 0 3 r H O C 0 a » O a ) O l > - 0 > i © r H © 0 » 0 3 f r - < 3 > I PCv5a»C-OC\30rHl>-CDCOCr>,^ ^ H ' ^ C O C O ’^ <^ H l O C O I > - i H t O H l , Ht <i
l O ^ | t ^ ^ l O H | < t £ 3 H | t ^ ^ ^ H i P l O t O i P t r ) l Q l Q l O l O U ) l Q t Q t Q l Q l O t D ( 0
C3>»OOa>t O’^ t OOO<I >OJ l Ot O^ CVl ' «5 i <<0# t Or H^ O' «4»<OC004 t - *>‘ 0>•  • * • • • • • • • • • • • • « • • • • • • « • • • • •
Ho3COCV}(Xlt002«X3<MtOeOCOCv3COCOCQ<M«CV2Hii02CQCO^tOK>tOtO
H H H H r l H H H H H H H r l H r l H H r t H H H H r l H H H H r l
H H H r l H H H H H r l H H H H r l H H p H H H H H r l H H H H H
CQGOi Oi QC\ 2i OOOCQI>- I>t O«Ofc-eQl >- t OO>rHrHa»0»CQOl >- i Oi OO' ‘0  • • • • • • • • • • • « • « • • • « • • • • • • • • • •
C Q l ^ i O ' ^ ' ^ l O C O l Q ^ - ^ l O ^ ^ . l Q ^ l O ^ l O t O t O ^ t J O ' O v O l O U D t O U D  
0 0 0 © 0 © 0 0 0 © 0 © 0 0 0 0 0 0 0 0 0 0 0 0  0 0  0  0  
H r l H H r l H H H r l H H H H H H H H H H H H H H H r l H  rHrH
O P J H C V l O i O v O ^ O ^ i P l P C V j r H C M ^ C O ^ t O W O C V j C - ^ W ^ W t O
•  • • • • • • • • • • • • • • • • • • • • • • • • • • a
O i t O C Q t - ^ O i C V j l O O ^ U i ^ ^ O H t Q O t O i O t O C O O i ^ C O l O N l O C O C O
i D l O i O t O t Q l Q t O U O l O t O l Q L Q U S U O i O i Q l Q l O t O ^ l O ^ ^ l O i O l O ^ l O
CSjCOCQOOHIhHl t tOlOOCyJCO^tOCVlCDCVJCVJCMOO^CDOirHtO^WC- CV3(MCQt-r-^Q0CV3«£>C0CQUJrHCQrHCV20>a5CX)C0a>Cr>00OuD,> ^ ^ r H  
* • • • • • • • « • • • • • • •  • • • • • • • • • • • •
©0*GOCD<J>GOO>CO©COCOO>0»COO>GOa>COCOt-CO£>l>-l>»>-t -I>-CDrH
C V J C D^ OC OC VJ c Or HO^ OO^ ^ OC Vj UC DC Vr HO- r H ' ^ r Ha ^ i Dc O ' ' ^  IO (U 
rHO*©JCQr“l 0 l» ‘OOOC*2a»^CV2OOfcQI>-r-H<>IE>O«O^0a»*>-tOCft<OOO
•  • • • • • • • • • • • • • • • • • • • • • • • • • • a
H t Q i X ) © C ^ I S © © C 3 O 0 3 n ^ l f ) 0 > O H ( M 0 J U ) 0 > H ( < ) t O I > 0 > ,|5l,,,iJ'
e o t Q c o e o c o t o c o c o ^ ^ ^ ^ ^ ^ ^ ^ j i Q t f j i o i o i o ^ o t o u D ' O v o j p c o
* * * a a a a a a a a a a a a a a a a a a a a a a a  a a
£ D O > O H C O W r j < t O v o t > C D O » O H M l < 2 H 1 l O i O t > - C D c n O H W t Q ' ^ l O
03COCQCOCQCOt OCOCQCOCOCQHi «r | <^^^Ti <r J<- ^^Tl <40i Qi Ol o»Oi O
(13S0
to
05
f©
pq
*=4
eh
PqOtoo
Eh O
00
u pPH ©
f tO fto ©
p
fe ©M sS
bos ©
pq •Hs Pft! ©O ©
EH w
pq
bo©•H •H © •H <D O ftpq*4
pq
<
pqo<
■p
a*m
0p
<
HH»
<D PM ,Q ft Sfe fj O ©«
EH EH EH
I H »d ft
■HI © © {Sj 
£  *H © © f t
I © IO O J
PM*H ^  
© P  I© t<
f t  r
•d © 
© P  
© © 
f t  «
p  © •© oe* Sei
ft«©
ro
rH
0 > © ^ ^ t - H H i O l O W i O H i O © i O H H W t O E Q
OCOCMCvJVQlOtQlQ^' ^l>- tOU:^GO<X>CO' ^Ol>-D-
©iO03lO©«JiO0JCQOOOHC0H00OOa)0>
•  • • • • • • • • • • • • • • • • • a *^H^tO toc-^aDtocOHtoOaiCvjioc-cococviiH«oioiO£>t-uDi>-j>-£>c^aoaoa>coCT»cQc^o»cy>
^ H C Q t Q C Q C Q C Q C Q W C O C Q C Q C Q C Q C Q C Q C Q ’t f C Q C Q C Q
O O lQ O O O M ^ tP lO M Q O O O O iQ O O O
f r - o O o f c - C ' - c o c Q O O C Q O x H ' - t f C ' - e - c v i ^ C ' - ^ l
0 > C ^ l O 0 > ( M 0 > M > i n i Q M 0 O O W ( M 0 > O W O0»0>0>(J>0>0*0><7*0>0*0*0*0*0*0*OiCOC'0>0>
•  • • • • • • • • • • • • • • • • • • a
o o o o o o o o o o o o o o o o o o o o
^ O iiO lO rl^^ iO H M W O O iO W M M O ^©  Cv}l>-^G0C-C'-<tt<O«0H'4«,sl*C0t0,tfO0>OCVlCQ • • • • • • • « • • • • • • • • • • • •CV2C0CQCQO20JCQOJ(WCV2CV2CV2CqcViCV?O2r-lOJ(MCM
H H H H r l H H H H H H H H H H H H H H H
lOcOlQlOJ>a>CDa>LQt£)lOujL'JiHCOOrHCV2'^COtO^O<Mt-tOO>CJ^<0^a>CO’!4<tOiQOCVJ,4, tOOO'
©0*lOCO<#C' - tOtOiOCV2I>- lO’4 « l Q<tf^^OCV3st<CQ
COCV2COtOO>00‘Oa>,4<HCVllOCOWOtOCQCr»0 ■ • « • • • * * • • • • • • • • » • » •
K > W i H t o o o T i < ^ r H c v j H i r 5 a > o o a » t o o 2 o a O o > t oOit-tOfc^vOOO-OOOt-C-t-tOt-^OOOOiOOOC*-<MC\JCV}<ttC\JOIC\J<>jCVjC\jC\5CvJC\2<ttCVj<M<>ICVJ<MC\J
02Ot|«<MI>-OCvJ^O030at0C0«t<5O&-Oc0C0aoeoioo>iocoo>oocotorHto,^ ooo»Oc>Ocv}’^
•  • • • • • • • • • • • • • • • a * * *
c0 OOa>a>Oa>a»cJ>cr>Oa>Oo>OOa>OOO
iHC\2CV3HHCV2iHrHrHrHCMi-|CVlrHCV2CVJHCaCVjCVj
^^GO^OCOiOHOOODlOOXJitO ^  iH 00
O O » 0 0 > > O 0 ‘ H ® t - O 0 » 0 > O O r l W H N H  
£>£>-<0<0t0t> t0£ '- '0t0C-<0< 0C'-C-C-C-C-0-O
HCOr HCOOOCOUDC»r Hr - I Hl >- t Ot Ol Ol >OC“ l>*«tt
•  • • • • • • • • • • • • • • • • • • a
t 0 l 0 l 0 ( 0 t Q l 0 < 0 ( 0 t 0 < 0 < 0 t 0 < 0 t 0 ^ 0 t D E > t 0 < 0 O<0t0t0«0t0t0t0t0<0t0t0t0<0t0t0t0*0*0t0t0
H H r H r l H H H r l H H H H H H H H H H H H
<sf*COtOCVJCadWtOtOlOplfHr-lO»<OC90tOrHCO
•  • • • • • • • • • • • • • • • • • • a
< O I ^ t O t O C ‘- < 0 < O t O < O f c - f r - I > - * > - t O t O e ' - O O C - l > - e ' -
l O l O l O i O l O i Q l O t O l O l O t O l O I O ( O t Q t O t O t O U O t O
H H H H H H H H H H H H H H r l H H H H H
N i O 0 3 H O < M 0 > © © 4 , i O H © i O ® 0 > 4 , ® H K )« • • • • • * « • » • • • • • • • • • •
t - ^ c - c 3 0 » o o - o > c < o a > i o a o c D o a > c Q O i o c Q i o « o
l O t O t O t O t Q t O t Q l Q i Q l O t Q i O t O i O i O l O t O l O U S i O
O O J O O O C Q O i O n W H ^ C O ^ O l O O U ) ^ ) © ^
«O0*aj<OC0rHtOiOE>HCVlE'-WC0OHcQLO’'tf, O»
• • • • • • • • • • • • • • • • • • f t *
t H O c o O c * - O o > o > o o i > * o > o o o o c o o o o o a » j > * < X ) i > -CQCOO2t<5CvIC0(M03CVlCV}Cv3CM<MCVJC^ Cv3<M(MCM<M
0atO^*5HtOC00>tQC\JI>-CDOtOK>O<M<tfa>O0> «0'd«eQ»Q»oa>cv3CQC\j6jeQ»OiHc-a*toa*J>a>a> • • • • • « • • • • • • • • • • • • • •
CJtO^^js-CXJCiOHOJCMCVj^rH-sHiOtOC-C^CO
rH0HO<t*«»OvOI>00O»OpHO5K)^iOtOI>CDO»Or H H H H H H H H H H O J
*d©Pq•H
-P
Oo
tO
02
cv3 O CO H4 03 04 o» H4 tO O CO 2* 03 iQ iQ IN to 0 O  O• • • • • • • • • • • • • • • • • • • •
pq O  IN H4 O 03 IN 03 O IN o> 00 t - IQ In O 0 04 04
.q IN H o> rH CO 00 H4 IN rH IQ H4 IN CO O rH IN CO O IN 04
H* 1 0 H4 IQ IQ iQ iQ iQ tO tO IQ IQ to to tO tO to o> CN 04
90 CO 03 CO o> H4 rH CO IQ IN O rH O CD to 03 0 O  O• • • • • • • • • • • • • • • • • • •  •
pq CD 0» H4 IQ o> H4 to H 4 CO 00 (T> 0* H 4 IN 00 IN rH IQ H 4 04
£> 00 rH O rH 03 to CO IQ 00 0 CO to 0> IN Cn iH o> IN OD
CO H4 H4 H4 H4 H4 H4 IQ H4 * H4 H4 tQ H4 tO IQ tO
CiQ
q • O  to IQ IQ to O 0 O 00 tO O 0 CD O tO IQ IQ O IQ O•H • +» H 4 "t*4 03 03 H4 CO rH 0 0 H4 H4 rH rH H4 CD rH 00 CO 04 iQ 0>rH (0 <H O I O o> 0 4 CO CD rH CD tO tO rH H tO CO H4 rH iH H4 04 H4•H © • <J» CD 00 CO 00 IN 00 CN IN IN 00 GO IN IN CN CN IN to to  to
O fH O4 • • • • • • • • • • • • • • • • • • •  •
pq ^ ra O O 0 0 0 O O O O O 0 O O O O O O O 0  0
03 03 to IQ 03 <0 rH IQ iQ IN 03 o* 03 IQ fc- 03 3» to 0
pq u . 03 CD to IN 03 o> tO 03 03 H4 (J» to O OD O IQ to 04 CQ-p r* •  • • • • • • • • • • • • • • • • • •  •
<
1 03 rH 03 rH rH rH rH rH 1—1 rH rH rH rH rH O rH O 0 34 0 0
rH rH rH rH H rH rH rH rH rH rH rH rH rH rH rH rH «H
03 H 4 00 IQ 00 00 £N IQ H4 00 CT» to IN o> IQ tO IN IN GO
pq CD CO to IQ H IN O 03 IQ IQ H4 IN CN U3 G> CO IQ to  O
o 4 03 H IQ CO O :0 rH O rH H4 03 03 03 H CO O IN H4 (J4 IN
H4 H4 H4 H4 H4 H4 H4 H 4 H4 H4 H4 H4 H4 CO H4 CO H4 CO CQ
04 03 00 O H4 IQ IQ tQ 00 o> 03 to O O O to IN iQ CO 0•  • • • • • • • • • • • • • • • • • •  •
t» CO 00 03 CD o» IQ O 03 o» CO cr> to rH CO 03 rH O ^  0 0
0 - IN 04 IN 00 O 00 o> GO 0 00 CN o> 00 CO GO IN 04 O  04
03 03 03 03 03 CO 03 0 3 03 CO 03 03 03 03 03 03 03 03 tQ 02
O  to H4 H4 O IN IQ 03 IQ 0 CQ IQ IN CO IQ to rH 03 O
CO IN 03 tQ H4 CO tO o> to h H4 rH O co IQ to 03 CD GO 00
IL • • • • • • • • • • • • « • • • • • « •
+3 r* O  CT> O O Q> 0 4 O o> O 0 O 03 iH rH rH 03 03 03 rH rH
<1 0 03 rH 03 03 H rH 03 rH 03 03 0 3 03 03 03 03 03 03 03 03 03
IN H4 00 |Q H4 CO IN JN o> CQ H4 to O to IQ tO 02 CN CQo 4 ®  O IQ IN |Q H 4 00 03 rH IN 03 to rH CO to tO <J> IQ IN CN
O  O IQ 03 rH IQ CO H4 IQ IN IQ IN 00 t - IN rH tO H4 H4 02
IN IN IN IN IN IN IN IN IN !N fc- IN IN e - IN GO Cn GO CO GO
•cf
•H * I© IN IQ co 0 O 0 03 03 O O 03 IN IN IN IN IQ 04 04
• q f t •  • • • • • • • • • • • • • • • • • • •
m &  a to  tO tO to IN IN IN C- IN IN IN IN IN IN IN IN Cn IN CN IN
CO *rt <D &, to  to tO to to to to to tO tO to tO to tO to to tO to to  to
^  H rH rH rH rH rH rH rH rH 1—1rH rH rH rH rH H rH rH rH rH rH
• to  H4 o> tO H4 tO 03 IN H4 H4 03 <J» IN CO CO CO tO H4 04
© f t •  • • • « • • • • • • • - • • • • • • •  #
q  f t  a IN 00 tO Cn GO CN 00 00 00 00 00 00 CD 00 O o> o» 04 O  O
P  O ©P=l IQ tQ IQ IQ IQ »Q «Q IQ IQ IQ IQ tQ IQ IQ IQ IQ IQ IQ to  to
EH EH Eh  « rH rH rH rH rH rH rH rH rH rH rH H H rH rH rH H rH rH rH
1 rH »©
•
f t CO IN O rH IQ H4 to tO tO ICJ CQ O •t*4iH O O O CO tO IQ■H 05 © a • • • * • • • • • • • • • • • • * • •  •
q  «h  © © pci to  to IQ 00 H4 IQ to CO IN 0> iH O a% CO IQ H4 H4 tQ H4M -P  pq EH e IQ IQ IQ IQ IQ IQ IQ IQ IQ IQ tO tQ tQ IQ IQ IQ IQ iQ IQ U3
5  £© o  .q IQ IN IQ rH tO IQ O O tO IQ O H4 O 03 0 0 03 CO J J Q  U3
ft* H 'S''N, 03 03 rH 00 IN O H 4 04 IN IQ CQ to tO 00 O to CO H4 CO rH
© 43 m •  • • • • • • • • • • • • • • • • • •  •
p* © «a IN tO 0» IN IQ 00 to IQ tO 00 IN !N IN to IQ to -t*4 tO tQ H4
W  In H 03 03 03 03 03 03 0 3 03 03 03 03 03 03 03 03 03 03 03 03 03
H
.Q IQ 03 04 tO to CO 0 03 rH iQ O H4 IQ lO 00 IQ GO 00 IQ IQ«© © ">* 03 IN to IQ 00 O CO tO H 4 IN rH O CO t o 03 IN 0 IN tO
© © •  • • • • • • • • • ' • • • • • • • • •  •
© © «© o » o 03 03 to IN 04 rH rH 03 IQ iQ to 0 CO 0 rH CQ©q iH to  to tO tO to to to to IN IN IN IN IN N 0 0 GO GO 0 4 0 4  0 4
4 3  
©  • •  • • « • • • • • • • • • • • • • • •  •
©  0 rH 03 CO H 4 IQ to IN 00 0 4 O rH 03 CO IQ to GO 0 4  O
E h 5 ^ 03 03 03 03 03 03 03 03 03 CO CO CO CO CO CO CO CO tQ H4
0*+oJ)
CORRELATION .
The o n ly  v a r i a b l e  w hich  was a l t e r e d  to  a  l a r g e  
e x t e n t ,  i n  th e s e  i n v e s t i g a t i o n s  w ith  e ach  l i q u i d ,  was th e  
f e e d  r a t e .  I t  v a r i e d  by  s e v e r a l  h u n d red  p e r  c e n t ,  w h ile  
o th e ^ c o n d i t io n s  w ere ro u g h ly  c o n s t a n t .  To f i n d  th e  e f f e c t  
o f f e e d  r a t e  on h-g f a  p l o t  o f hg v s .  F eed  R a te  was made 
f o r  a l l  th e  l i q u i d s  , on lo g - lo g  p a p e r  I F i g .  2 .4  ) .
The ou rve  f o r  w a te r  i n  C opper Tube seem s to  show a  w e l l -  
d e f in e d  minimum, w h ile  v a lu e s  f o r  a lc o h o l  and  to lu e n e  i n ­
c re a s e  w ith  f e e d  r a t e .  S in c e  no l i n e a r  r e l a t i o n s h i p  was 
o b ta in e d , th e  p o i n t s  w ere  n e x t  s e t  o u t on a  s e m ilo g  p a p e r  
( F i g .  2 .4 1  ) .  No s t r a i g h t  l i n e  was o b ta in e d  e |ren  h e r e .
A p l o t  o f  E v a p o ra t io n  ( i n  l b s . / h r . )  v s .  F eed  R a te  gave 
a s e p a r a te  c u rv e  f o r  e ac h  l i q u i d  ( F i g .  2 .4 2  ) .  The c u rv e s  
a re  n e a r l y  s t r a i g h t  l i n e s  f o r  a l l  l i q u i d s  and have a p p ro x i ­
m a te ly  th e  same n e g a t iv e  s l o p e .  A p l o t  o f  , q l v s .  F eed  
R ate  ( F i g .  2 .4 3  ) gave s i m i l a r  c u rv e s  f o r  a l l  th e  l i q u i d s .
To f i n d  th e  e f f e c t  o f th e  am ount o f v a p o u r on 
th e  b o i l i n g  f i lm  c o e f f i c i e n t ,  hg , th e  v a lu e s  o f th e  l a t t e r  
w ere p l o t t e d  a g a i n s t  E v a p o ra t io n  ( in  l b s . / h r . )  on lo g - lo g  
p a p e r  ( F i g s .  2 .5  and 2 .5 1  ) .  S in ce  in  no c a se  th e  t o t a l  
v a r i a t i o n  in  th e  am ount o f  v a p o u r fo rm ed was m ore th a n  50 $ ,
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th e  p o in t s  a r e  m o s t ly  h u d d le d  t o g e t h e r ,  g e n e r a l l y  sp re a d  
v e r t i c a l l y  one above th e  o th e r ,  show ing t h a t  f o r  th e  
same amount o f  v a p o u r fo rm ed , th e  c o e f f i c i e n t  c o u ld  v a ry  
w id e ly  on a c c o u n t o f  o th e r  f a c t o r s .
DISOUSSIOII.
The m ost im p o r ta n t  f a c t  t h a t  comes o u t o f 
th e s e  i n v e s t i g a t i o n s  i s  t h a t  f o r  a g iv e n  p r e s s u r e  in  th e  
tu b e  and a  ro u g h ly  c o n s ta n t  te m p e ra tu re  d ro p , th e  h e a t  
lo a d  p e r  h o u r ,  q , shows v e r y  l i t t l e  change w ith  i n c r e a s ­
in g  fe e d  r a t e .  Bven when th e  fe e d  r a t e  h a s  b een  v a r i e d  
by  s e v e r a l  h u n d red  p e r  c e n t  f o r  e&ch l i q u i d ,  th e  v a r i a t i o n  
in  "q ” i s  se ldom  more th a n  £0$ and  o n ly  i n  a  few  c a s e s  
a s  h ig h  a s  5 0 ^ . I f  th e s e  few  c a s e s  be l e f t  o u t o f a c ­
c o u n t, i t  w ould  seem t h a t  th e  tu b e  w ould t r a n s m i t  th e  
same amount o f h e a t  p e r  h o u r , w h a te v e r  th e  f e e d  r a t e ,  
p ro v id e d  t h a t  th e  p r e s s u r e  in  th e  sy s te m  and te m p .d ro p  
a re  c o n s ta n t  and p ro v id e d  a l s o  t h a t  b o i l i n g  d oes o ccu r 
in  a  p a r t  o f th e  tu b e .  S in c e  n^ t mn and  "q"  a re  ro u g h ly  
c o n s ta n t ,  th e  v a lu e  o f U, th e  a v e ra g e  o v e r a l l  h e a t  t r a n s ­
f e r  c o e f f .  f o r  th e  e n t i r e  tu b e ,  a l s o  v a r i e s  o n ly  to  a 
sm a ll e x t e n t .  The e f f e c t  o f f e e d  r a t e  on e v a p o ra t io n  
( i n  l b s / h r )  i s  a l s o  s m a l l ,  a s  w i l l  be se e n  from  P i g .2 .4 £ .  
W ith i n c r e a s in g  f e e d  r a t e ,  th e  c o e f f s .  show a s l i g h t  
te n d e n c y  to  d e c re a s e  a t  f i r s t  and th e n  t o  r i s e .  In  th e
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c a se  o f w a te r  in  co p p er tu b e ,  t h i s  te n d e n c y  i s  v e ry  w e ll  
m ark ed . In  th e  c a se  o f th e  o th e r  two l i q u i d s ,  th e  t e n ­
d en cy  i s  th e r e  th o u g h  n o t  so  p ro n o u n ce d .
I t  i s  s u g g e s te d ,  t h e r e f o r e ,  t h a t  when th e  p e r ­
c e n ta g e  e v a p o r a t io n  and a l s o  th e  a c t u a l  e v a p o r a t io n  ( i n  
l b s / h r )  a r e  h ig h , th e  e f f e c t  o f th e  v ap o u r p re d o m in a te s .  
T here  i s  a  h ig h  f l u i d  v e l o c i t y  in  th e  tu b e  and th e  B o i l ­
in g  F ilm  C o e f f s .  a r e  h ig h .  On in c r e a s in g  th e  f e e d  r a t e ,  
th e  amount o f e v a p o ra t io n  d im in is h e s  s l i g h t l y  and th e n  re  
m ains r a t h e r  s te a d y  o v er a  c o n s id e r a b le  r a n g e , and , th e r e  
f o r e ,  th e  b o i l i n g  f i lm  c o e f f .  shows some d e c re a s e  a t  
f i r s t  and th e n  re m a in s  more o r l e s s  u n ch an g ed . At h ig h  
f e e d  r a t e s ,  i t  a p p e a rs  t h a t  th e  l i q u i d  a l s o  becom es s u f -  
f i c i e n t  in  q u a n t i t y  to  c o n tr ib / te  c o n s id e r a b ly  to  th e  v e ­
l o c i t y  in  th e  b o i l i n g  s e c t i o n  and more th a n  co m p en sa te s  
f o r  th e  l o s s  in  e v a p o ra t io n  by  in c r e a s in g  th e  c o e f f i c i e n t  
above th e  v a lu e  o b ta in e d  w ith  m o d era te  f e e d  r a t e s .  In  
th e  e x p e r im e n ts  on th e  g l a s s - t u b e  e v a p o r a to r  i t  was ob­
se rv e d  t h a t  a t  h ig h  f e e d  r a t e s  th e  l i q u i d  i n  th e  b o i l i n g  
s e c t i o n  was i n  a  s t a t e  o f  v i o l e n t  a g i t a t i o n  -  v e ry  much 
more th a n  when th e  fe e d  r a t e  was lo w . T h is  d i f f e r e n c e  in  
th e  b e h a v io u r  o f  th e  l i q u i d  i n  th e  b o i l i n g  s e c t i o n  u n d e r  
low  and h ig h  f e e *  r a t e s ,  r e s p e c t i v e l y ,  w ould s u g g e s t  a  
rough  a n a lo g y  w ith  th e  d i f f e r e n c e  t h a t  e x i s t s  in  th e  v i s ­
cous and t u r b u le n t  m o tio n s  o f f l u i d  in  a  t u b e .
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W ith  r i s i n g  fe e d  r a t e ,  th e  v a lu e s  o f  qg, th e  
h e a t  lo « d  in  th e  b o i l i n g  s e c t i o n ,  and th e  b o i l i n g  a r e a  
d e c re a s e  s t e a d i l y .  The mean v a lu e  o f th e  o v e r a l l  tem p, 
d ro p  f o r  th e  b o i l i n g  s e c t i o n ,  A tB , re m a in s  m o s t ly  un­
changed  e x c e p t a t  v ey  h ig h  fe e d  r a t e s  when i t  f a l l s  r a ­
th e r  r a p i d l y .
The c o e f f i c i e n t s  f o r  w a te r  a re  th e  J d g h e s t .
The v a lu e s  o f th e  b o i l i n g  f i lm  c o e f f i c i e n t  a re  g e n e r a l l y  
o f  th e  same o rd e r  a s  th o s e  o b ta in e d  b y  S t r o e b e ^  e t  a l  
u n d e r p a r a l l e l  c o n d i t io n s  o f  b o i l i n g  tgnp* and tem p , d ro p , 
u s in g  a  v e r y  much l a r g e r  tu b e  in  w hich  b o i l i n g  o c c u rre d  
th ro u g h o u t i t s  l e n g t h .  In  th e  p r e s e n t  i n v e s t i g a t i o n s  on 
w a te r  th e  te m p e ra tu re  d ro p  * a c r o s s  th e  b o i l i n g  l i q u i d  f i lm  
v a r ie d  b e tw een  4 .1 ° F  and 7 .7 7 ° F , a s  fo u n d  by  b a c k - c a lc u -  
l a t i o n  on th e  b a s i s  o f <pg, hg and th e  b o i l i n g  a r e a .
The c o e f f s .  f o r  to lu e n e  a re  h ig h e r  th a n  th o s e  
f o r  e t h y l  a lc o h o l ,  and c o e f f s .  f o r  e i t h e r  a re  v e ry  much 
low er th a n  th o s e  f o r  w a te r .  As in  th e  c a se  o f th e  g l a s s -  
tu b e  e v a p o r a to r ,  i t  i s  v e ry  p ro b a b le  t h a t  th e  h ig h e r  mo­
l a r  f r a c t i o n  e v a p o ra te d  in  th e  c a se  o f  to lu e n e  m ust have 
in d u ce d  p r o p o r t i o n a t e l y  h ig h e r  v e l o c i t i e s  th a n  o b ta in e d  
in  th e  c a se  o f  e th y l  a l c o h o l .  F o r T o luene  th e  m o la r 
f r a c t i o n  e v a p o ra te d  p e r  h o u r ran g ed  from  0 .S 63  to  Q’S k k ,
vfc* yc*a^ * 4. jxovi*, o . 152. O • 2 .51  •
T h is  w ould mean ab o u t 50$ h ig h e r  v e l o c i t y  in  th e  c a se  o f
to lu e n e  u n d e r  s i m i l a r  c o n d i t i o n s .  T h is  d i f f e r e n c e  m ust 
be p a r t l y  r e s p o n s ib le  f o r  th e  h ig h e r  c o e f f s .  o b ta in e d  w ith  
t  o lu e n e •
C H A P T E R .  I I I .
THE COFPSR-TUBB, FORCED- 
CIRCULATION * EVAPORATOR.
C H A P T E R  I I I .
COPPER-TUBE. F OROED-C IRCU LATIQU . EVAPORATOR.
The copper-tube evaporator described in  the la s t  
chapter was now converted in to  a fo rc e d -c ir cu la tio n  evapora­
tor for  studying heat tra n sfer  to  the same liq u id s  as used 
b efore , under n on -b o ilin g  co n d itio n s , and thus to  in v e s t ig a te  
e f f e c t s  of b o ilin g  in  a v e r t ic a l  tube in  promoting heat trans­
f e r .  This n e c e ss ita te d  some a lte r a tio n s  injfehe apparatus. The 
new set-up  i s  shown in  F ig . 3 .1  (se e  a lso  P la te  I I I  -  I ) .  A 
sid e-tu b e was soldered  to  the bottom of the evaporator tube 
and connected to  the o u tle t  of a ratary pump through an Ori­
f ic e  Flowmeter shown in  F ig . 3 .1 1 . A feed  tank, about 7 .5  
ga llon  ca p acity , was connected to  the o u tle t  from the brass  
gland-p iece at the top of the evaporator tube, to  the in le t  
and drain -p ipe of the separator, and to  the in le t  and o u tle t  
tubes of the ro tary  pump. By means of the va lve on the pipe 
connecting the feed  tanfci to  the o u tle t  of the rotary  pump, the 
f 9ea r a t .  could be co n tro lled  by bye-passing  some or non. of 
th . feed  to  t h .  tank. The feed  tank a lso  served as the p r i­
mary sep arator . Three condensers had to  be toed  to  d eal w ith  
the large amount o f evaporation obtained. A tap provided at 
the bottom o f the evaporator and that of the in le t  to  the fe e
(149)
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pump, enabled the system to he emptied when n ecessary . The 
feed  could he sucked in to  the tank through the in le t  tap of 
the pump.
CALIBRATION OP THE ORIFICE FLOWMETER s-
The o r ifice -m eter  was 
ca lib ra ted  for  each of the l iq u id s  used, v i z . ,  w ater, 95.6$  
e th y l a lc o h o l, and to lu en e . The ca lib r a tio n  curves are shown 
in  F ig s . 3 .2 ,  3 .2 1 , and 3 .2 2 , r e s p e c t iv e ly .
BXPERIMENT AL PROCEDUREt -
Hot water a t 80°0 in  experiments on wa­
ter  and to lu en e , and at 50°C in  experiments on e th y l a lco h o l, 
was c ircu la ted  through the heating ja c k e t . The d esired  pres­
sure was e s ta b lish ed  in  the system , the feed  pump sta rted  and 
the bye-pass va lve was adjusted to  give the desired  rate of 
flow . When con d ition s became steady, the experiment was s ta r ­
ted . Two tra v erses  of the tr a v e ll in g  thermocouple were made, 
as u su a l, and the amount of condensed vapour c o lle c te d  during  
the period of the experiment n oted .
CALCULATIONS
Knowing the amount of condensate and the la te n t  
heat of the l iq u id , the heat tran sferred  per hour, q, was c a l­
cu la ted . Latent heats were taken from the same sources as in  
the la s t  two Chapters.
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Por fin d in g  Atm, a p lo t  o f At vs* d istan ce  from the 
bottom of the tube was made and Atm found as before# The 
curves obtained had no minimum, showing that no marked b o i l­
ing occurred in  any of the t e s t s .  A ty p ic a l curve i s  shown 
in  Pig# 3.3#
RESULTS
These are giuen in  ta b le s  3 .1 , 3 .E , and 3#3, respec­
t iv e ly ,  fo r  w ater, 95 .6$  e th y l a lcoh ol and n itr a t io n  q u a lity  
toluene# Contrary to the r e s u lt s  obtained w ith the N atural- 
C ircu lation  Evaporators (Chapters I and I I ) ,  the co e ffs#  fo r  
toluene are lower than those fo r  a lcoh o l under sim ilar  condi­
t io n s  of temp# drop and liq u id  v e lo c ity #  The coeffs#  fo r  wa­
ter  are the h ighest#  With a l l  the three liq u id s , the va lues  
of Atm and liq u id  v e lo c i t ie s  used are of the same order#
CORRELATION#
T e lo c ity  being the major variab le  used w ith each l i ­
quid, va lu es of the f ilm  c o e f f ic ie n t ,  h, were f i r s t  p lo tted  
again st l iq u id  v e lo c it y  (P ig # 3 .3 l) .  The curves fo r  a l l  the 
l iq u id s  are very  n ea rly  s tra ig h t l in e s  w ith  an average slope  
of 1.1# Por a more accurate estim ation  of the r e la t io n  b et­
ween fh f and DTp/jL , th erefo re , the Tables 3#11, 3#21, and 
3#31 were f i r s t  prepared# Table 3#11 was prepared by group-
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o w
in g  th e  s u c c e s s iv e  t e s t  d a t a  i n  T ab le  3 .1  i n t o  f i v e s  and t a k i n g  
a v e r a g e s .  F o r  T a b le s  3 .2 1  and 3*31 , some o f  t h e  t e s t  d a t a  
w ere  p ic k e d  ou t a t  random from  T a b le s  3 .2  and 3 . 3 ,  r e s p e c t i v e ­
l y .  The s e r i a l  num bers o f t h e s e  t e s t s  a r e  g iv e n  i n  th e  d e ­
r i v e d  t a b l e s .  T h is  p ro c e d u re  was a d o p te d  to  m in im ise  c 4 1 c u la *  
t i o n s .  F o r  c a l c u l a t i n g  th e  v a lu e s  o f  th e  v a r i o u s  f u n c t i o n s  
a t  t h e  a v e ra g e  l i q u i d  t e m p e r a tu re  i n  th e  e v a p o r a t o r  t u b e ,  th e  
nom ographs and t a b l e s  g iv e n  i n  t h e  A ppendix  o f  R e f , 3 ,  were 
u s e d .  To o b t a i n  th e  v i s c o s i t y  o f  9 5 .6 $  e t h y l  a l c o h o l  a t  68°F, 
th e  v i s c o s i t i e s  o f  e t h y l  a l c o h o l  o f  v a r i o u s  p e r c e n ta g e  s t r e n g t h s  
from  100 downwards, g iv e n  b y  R e f .  3 ,  w ere p l o t t e d  a g a i n s t  p e r ­
c e n ta g e  c o m p o s i t io n .  From t h i s  c u rv e  th e  v i s c o s i t y  f o r  95*6$ 
e t h y l  a l c o h o l  was r e a d  o u t .  Then, a ssu m in g  t h a t  th e  v i s c o ­
s i t y  o f  9 5 .6 $  Bt.OH v a r i e s  w i th  t e m p e r a tu r e  i n  t h e  same manner 
a s  t h a t  o f  th e  100$ l i q u i d ,  th e  v i s c o s i t y  o f  9 5 .6 $  Bt.OH a t  
th e  r e q u i r e d  t e m p e r a tu r e s  was c a l c u l a t e d .  The v a lu e s  o b ta in e d  
w ere
0 .865  o . p .  a t  109°F , and
0 .8 6 0  ,f " " 1 1 0 °F .
A p l o t  o f  h  v s .  Re was now made ( F i g .  3 . 3 2 ) .  F o r  
e a c h  l i q u i d  a  s e p a r a t e  c u rv e  w i th  a  d i f f e r e n t  s lo p e  was ob­
t a i n e d .  The s lo p e  f o r  w a te r  i s  1 .0 3 ,  f o r  Et.OH i t  i s  1 .1  and 
f o r  to lu e n e  i t  i s  1 .2 5 .  However, i n  an  a t t e m p t  a t  f i n a l  c o r ­
r e l a t i o n  o f  th e  t e s t  d a t a  f o r  a l l  th e  l i q u i d s ,  an a v e ra g e  s lo p e
OC.8)
....
10H0DTV 1AH13
e>|
E
■*
f e
L
11 4-L-
l i r t i  I f e i
3N3m01
<! <! 4M cO<
«31VM t*°
a
3
jr*j
t• .*t
V5£
5
-E O t  V
Wild
0
O S )
o f  1*1 was assum ed f o r  a l l  th e  l i q u i d s  and a p l o t  o f  
( ^ ) / ( R e ) 1#1 vs* was made f o r  th e  t h r e e  l i q u i d s  (F ig *
3*33)* F o r  eac h  o f  w a te r  and a l c o h o l  th e  p o i n t s  wre ve jry r  
c lo s e - p a c k e d ,  and f o r  t o l u e n e ,  t h e y  a r e  s p re a d  v e r t i c a l l y  
one above th e  o th e r*  An e x a m in a t io n  o f  T ab le  i . 3 1  shows t h a t  
th e  v a lu e  o f  th e  f u n c t i o n ,
1*1
(Re)
f o r  t o lu e n e  v a r i e d  from  0*742 to  1*144 -  a  t o t a l  v a r i a t i o n  
o f  a b o u t  50$ -  w h e rea s  i n  th e  e a se  o f  w a te r  and e t h y l  a l c o ­
h o l  i t  was o n ly ,  ab o u t  7$* I t  i s  p ro b a b le  t h a t  th e  lo w e r  
power assum ed f o r  Re f o r  t o lu e n e  th a n  th e  a c t u a l  one o f  1*25, 
a s  a l s o  th e  low er v a lu e s  o f  f i l m  c o e f f i c i e n t s ,  h ,  o b ta in e d  
f o r  t h i s  l i q u i d ,  w ere b o th  r e s p o n s i b l e  f o r  t h i s  l a r g e  v a r i a ­
t i o n  o b ta in e d  i n  th e  v a lu e  o f  th e  above f u n c t i o n  f o r  t o l u e n e .  
F o r  w a t e r ,  a l th o u g h  a  h i g h e r  power was assum ed f o r  Re th a n  
t h e  a c t u a l  ( * 1 * 0 3 ) ,  t h e  h ig h  v a lu e s  o f  c o e f f s . ,  h ,  m ust 
have p a r t l y  masked th e  e f f e c t  o f  th e  assumed power f o r  Re f o r  
t h i s  l i q u i d .  F o r  a l c o h o l ,  th e  power o f  1 .1  u s e d  £nx i n  t h e  
above c a l c u l a t i o n s  was th e  a c t u a l  one* Had to lu e n e  g iv e n  a 
c l u s t e r  o f  p o i n t s  such  t h a t  a s t r a i g h t  l i n e  c o u ld  be drawn 1 
th ro u g h  a l l  t h e  t h r e e  c l u s t e r s ,  i t  would have been  p o s s i b l e  
t o  f i n d  th e  s lo p e  o f  th e  c u rv e  and g iv e  a  g e n e r a l  c o r r e l a t i o n ,  
b u t  th e  d i s t r i b u t i o n  o f  th e  p o i n t s  a s  o b ta in e d  d id  n o t  j u s t i ­
0 7 0 )
fy  such a s te p .
DISCUSSIgg
The above attempt at co rre la tio n  shows that a d i f -
t o u / c r
ferent^must be governing the heat flow  to each of the three
1 03l iq u id s .  The v a r ia tio n  of h as He # even in the case of 
water i s  unusual. To find  how far the r e s u lts  on water a -  
greed w ith the D ittu s-B o e lter  equation of the fo llow in g  form,
( - ! > * )  ° ' 4 ,
the va lues of h were o lcu la ted  from th&s Equation and were 
found to be uniform ly higher than the experim entally  deter­
mined va lu es (see  Table 3 .1 1 ) .  The r a t io s  o f the o lcu la ted  
and observed valu es of h, baa le ./k *  are shown in  the l a s t  co­
lumn of Table 3 .1 1 . I t  w i l l  be seen that the ca lcu la ted  va­
lu e s  are higher by 7 -  54$. In th is  resp ect the r e s u lts  on 
water agree q u a li ta t iv e ly  w ith those of Logan, Fragen and
so
Badger whose observed va lu es fo r  sugar so lu tio n s  were lo*~  
er  than those pred icted  by the above equation w ith a constant 
equal to  0 .022b .
Using the fo llo w in g  equation,
A t *  -  A tA -  ,
given  by Boarts e t  a l  fo r  the p red ic tio n  of the average true
OTO
te m p e r a tu re  d ro p ,  Atm, th e  l a t t e r  was c a l c u l a t e d  f o r  some of 
th e  t e s t s  on w a te r*  The c a l c u l a t e d  v a lu e s  o b ta in e d  were much 
h i g h e r  th a n  th e  o b se rv ed  v a l u e s .  F o r  exam ple , f o r  t e s t  N os.
1 ,  I S ,  37 , 4 0 , and 73 (T a b le  3 . 1 ) ,  t h e  c a l c u l a t e d  v a lu e s  
w ere  h i g h e r  fcfesrc b y  3 .5 ° F ,  3 .0 ° F ,  3 .4 ° F ,  3 .9 ° F ,  and  3 .9 ° F ,  
r e s p e c t i v e l y .  The a u t h o r s ,  who a l s o  found  t h a t  t h e  e q u a t io n  
gave r e s u l t s  one t o  two d e g re e s  h ig h  f o r  A t^  i n  t h e i r  i n ­
v e s t i g a t i o n s ,  c o u ld  n o t  a s s i g n  a n y  r e a s o n  f o r  th e  d i s c r e p a n c y .
The im p o r ta n t  f a c t  t h a t  comes ou t o f  t h e s e  i n v e s t i ­
g a t i o n s ,  h ow ever, i s  t h a t  th e  b o i l i n g  f i l m  c o e f f i c i e n t s  i n  
th e  v e r t i c a l ,  n a t u r a l - c i r c u l a t i o n ,  e v a p o r a t o r  c o r r e s p o n d  t o  
h ig h  f l u i d  v e l o c i t i e s  o f  th e  o r d e r  o f  5 -  15 f t / s e c .  T h is  
i s  o b v io u s  from  a  s tu d y  o f  F i g .  3 .3 1  and T a b le s  3 . 4 ,  3 . 5 ,  
and 3 .6  i n  C h a p te r  I I .  I n  th e  c a s e  o f  t o l u e n e ,  th e  f i l m  c o -  
e f f s .  f o r  f o r c e d - c i r c u l a t i o n  become com parab le  w i th  t h e  b o i l ­
in g  f i l m  c o e f f i c i e n t s  o n ly  when th e  v e l o c i t y  o f  f e e d  in  
f o r c e d - c i r c u l a t i o n  h a s  a t t a i n e d  th e  v a lu e  o f  8 f t / s e c .  T h is  
l e n d s  s u p p o r t  t o  t h e  v iew , e x p r e s s e d  i n  C h a p te r s  I  and I I ,  
t h a t  t h e  h i g h e r  b o i l i n g  c o e f f i c i e n t s  o b ta in e d  w i th  t o lu e n e  
th a n  w i t h  Bt.OH m igh t have been  due t o  much h i g h e r  v e l o c i ­
t i e s  in d u c e d  b y  h i g h e r  m o la r  f r a c t i o n  e v a p o r a te d  u n d e r  n a t u ­
r a l  c i r c u l a t i o n .
A n o th e r  i n t e r e s t i n g  r e s u l t  o b ta in e d  i s  th e  f a c t  
t h a t  th e  p e r c e n t a g e  e v a p o r a t i o n  f o r  an y  l i q u i d  i s  a lm o s t  con­
s t a n t  r e g a r d l e s s  o f th e  f e e d  r a t e .
C H A P T E R .  IV.
BOILIHQ LI QUIDS IH p a r a t .t .h t . e t .t iw  
OVER HEATED HORIZONTAL WIRES.
C H A P T E R  IV.
BOILIBQ LIQUIDS IH PARALLEL FLOW OVER HEATER 
HORIZONTAL WIRES
T h is  c h a p t e r  d e a l s  w i th  i n v e s t i g a t i o n s  t h a t  have 
been  made on l i q u i d s  b o i l i n g  o ve r  e l e c t r i c a l l y - h e a t e d ,  ho­
r i z o n t a l  w i r e s ,  and  f lo w in g  p a r a l l e l  t o  th e  l a t t e r *
M oscioAi and B ro e d e r  ( c i t e d  b y  Ref* Z )  a t t e m p te d  
t o  d e te r m in e  C r i t i c a l  At b y  u s i n g  e l e c t r i c a l l y  h e a t e d  w i r e s .  
BuAiyama ( c i t e d  by  R e f s .  2 ,  6 , and 10 )  was th e  f i r s t  t o  g iv e  
a  c o m p le te  b o i l i n g  c u rv e  u s i n g  th e  same m ethod . P a r b e r  and 
S o o rah 7 u s e d  s e v e r a l  w i r e s  t o  s t u d y  b o i l i n g  c u rv e s  u n d e r  v a -
c
r i o u s  c o n d i t i o n s .  McAdams e t  a l  u s e d  4 d i f f e r e n t  P t  w i r e s  
b o th  i n  t h e  n u c l e a t e  and  t h e  f i l m  b o i l i n g  r e g i o n s .  I n  a l l  
t h e s e  i n v e s t i g a t i o n s  th e  l i q u i d  was s t a g n a n t .  I t  w as, t h e r e ­
f o r e ,  d e c id e d  t o  s t | t d y  b o i l i n g  on w i r e s  w i th  t h e  l i q u i d  u n ­
d e r  f o r c e d - c i r c u l a t i o n ,  p a r a l l e l  t o  th e  h o r i z o n t a l  w i r e .
P t  w i r e s  o f  0 .0 2  i n . ,  0 .0 1  i n . ,  and 0 .005  i n .  d i a .  w ere  u s e d  
w i th  w a t e r  and 9 5 .6 #  e t h y l  a l c o h o l ,  t h e  l i q u i d s  c i r c u l a t i n g  
a t  t h r e e  d i f f e r e n t  v e l o c i t i e s .
on)
D escrip tion  o f the Apparatus.
The platinum w ires were used both as the heat trans­
fe r  su rfaces and as Platinum R esistance Thermometers. The 
apparatus co n sis ted  of two main p a r ts : -
(1 )  The E le c tr ic a l  System, and
(2 ) The C ircu la tin g  System.
The E le c tr ic a l  System co n sisted  of arrangements for  
obtain ing regulated  current through the experim ental w ire 
from a bank of accum ulators, and for  measuring the current 
strength  and p o te n t ia l drop across the t e s t  se c tio n  of the  
w ire . The c ir c u it  diagram i s  shown in  P ig . 4«ltt. Current 
drawn from the accumulators was regulated  ky a v ariab le  re­
s is ta n c e . I t s  magnitude was determined by measuring the v o l­
tage drop across a semi-standaad re s is ta n ce  made from 10 S . 
W.Gr., Low -Tem peratureACoefficient-of-Resistance "Perry" w ire . 
There were two spch sem i-standards made, 0 .1  ohm and 0 .2  ohm, 
approxim ately. Each of them was ca lib ra ted  aga in st a p rec i­
sion  r e s is to r ,  u sing a Vernier Potentiom eter, Type 4363, made 
by Messrs T in s ley  and C o., London, S .E .2 5 . P o te n tia l drops 
across the sem i-standard and across the t e s t  se c t io n , in  the 
actu a l experim ents, were measured with a S tudents1 P oten tio ­
meter whose diagram of connections i s  shown in  P ig . 4.11&. I t  
i s  capable of measuring 0.01 mv. at 1 mv. The potentiom eter
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was u se d  i n  c o n ju n c t i o n  w i th  a  m i r r o r  g a lv a n o m e te r • V o l t a ­
g e s  w ere m easured  e i t h e r  d i r e c t l y  o r  th ro u g h  a v o l t a g e  d i v i d e r  
d e p e n d in g  upon t h e i r  m a g n i tu d e ,  th e  p o t e n t i m e t e r  b e in g  c a p a b le  
o f  m e a su r in g  1 .9 1  v o l t s  d i r e c t l y .
The C i r c u l a t i n g  System  ( F i g .  4 .1 2  and P l a t e  IV -  I )  
was a sse m b le d  from  a  c o p p e r  v e s s e l  o f a b o u t  2 .3  g a l l o n  c a p a ­
c i t y ,  w i th  a  r e f l u x  c o n d e n s e r ,  a  c e n t r i f u g a l  pump, -J- i n .  i . d .  
c o p p e r  t u b e s ,  an  O r i f i c e  F low m eter in c lu d e d  i n  th e  s t r a i g h t  
p o r t i o n  o f  th e  l i q u i d  l i n e ,  and 4 v a lv e s  f o r  c o n t r o l l i n g  t h e  
f lo w .  The c o p p e r  v e s s e l  s a t  on an  e l e c t r i c  h e a t e r  i n s i d e  a  
s t e e l  c y l i n d e r ,  and th e  whole sy s te m  was i n s u l a t e d  A g a in s t  
h e a t  l o s s .  The f lo w m e te r  i s  shown i n  F i g .  4 . 1 3 .
A g l a s s - t u b e ,  £  i n .  i . d . ,  and o f  a  s p e c i a l  s h a p e ,  
h e ld  th e  e x p e r im e n ta l  w i r e ,  ( F i g .  4 .1 4  and P l a t e  IV -  I I ) ,  
and was in c lu d e d  i n  th e  c i r c u l a t i n g  sy s te m  b y  s h o r t  r u b b e r -  
tu ire  c o n n e c t i o n s .  The p l a t i n u m  w i r e s  u se d  w ere  C g r a d e ,  
s u p p l i e d  b y  M ess rs  Johnso n  M a t th e y ,  7 8 -8 3 ,  H a t to n  G arden, 
London, B . C . l .  T h e i r  Temp. C o e f f .  o f  R e s i s t a n c e  was q u o ted  
a s  0 .0 0 3 5 .  The method o f  f i x i n g  th e  w i r e  t o  i t s  c o p p e r  
l e a d s  and m oun ting  i t  i n  th e  g l a s s - t u b e  i s  shown i n  F i g , 4 . 1 4 .  
The e n d s  o f  th e  w ire  w ere  drawn th ro u g h  a x i a l  b o r e s  i n  3 /3 2  
i n .  b r a s s  s c re w s  and w elded  t o  th e  o u t e r  e n d s  o f  th e  l a t t e r .  
These sc re w s  w ere f i x e d  i n t o  c o p p e r  ro d s  ( 3 /1 6  i n .  d i a . )
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t h r e a d e d  on th e  i n s i d e  t o  t a k e  th e  s c r e w s .  S i m i l a r  sc rew s  
f i x e d  t o  t h e  o u t e r  en d s  o f  th e  c o p p e r  ro d s  and c a r r y i n g  n u t s  
p r o v id e d  e l e c t r i c a l  c o n n e c t i o n .  The P o t e n t i a l  Leads were 
hammer-welded t o  th e  e le m e n t  ( a l t h o u g h  s p o t —w e ld in g  would 
have b een  d e s i r a b l e ,  no f a c i l i t i e s  were p r e s e n t l y  a v a i l a b l e )  
a t  a b o u t  1-J- i n .  from  th e  i n n e r  end o f  each  b r a s s  sc rew  h o ld ­
in g  th e  e le m e n t .  The w ire  was now a n n e a le d  a t  r e d - h e a t  f o r  
s e v e r a l  m in u te s  b y  p a s s i n g  c u r r e n t .  F o r  0 .0 2 "  and 0 .0 1 "  d i a .  
w i r e s ,  0 .0 0 4  i n  d i a .  w ire  was u se d  a s  p o t e n t i a l  l e a d .  F o r  
th e  0 .005  i n .  d i a .  w ire  th e  p o t e n t i a l  l e a d  was o n ly  0 .0 02  i n .  
i n  d i a .  The w ire  was now m ounted i n s i d e  th e  g l a s s - t u b e  b y  
s e a l i n g  i t s  c o p p e r  l e a d s  t o  th e  s i d e - t u b e s  ( F i g .  4 .1 4 )  w i th  
c o l d - s e t t i n g  "M arco” l e s i n  No. 65 OK The p o t e n t i a l  l e a d s  
w ere  ta k e n  o u t th ro u g h  s i d e - t u b e s  w hich  were th e n  s e a l e d .  
E l e c t r i c a l  c o n n e c t io n  w i th  th e  p o t e n t i a l  l e a d s  was o b ta in e d  
by  f i x i n g  a  s h o r t  l e n g t h  o f  r u b b e r - t u b i n g  t o  th e  s i d e - t u b e s  
and p u t t i n g  some m erc u ry  i n t o  i t .  I r o n  l e a d s  c o n n e c te d  to  
th e  ro o k in g  s w i tc h  o f  th e  p o t e n t i o m e t e r  c i r c u i t  d ip p ed  i n t o  
t h i s  m e rc u ry .
EXPERIMENTAL PROCEDURE*
The f lo w m e te r  was f i r s t  c a l i b r a t e d  
f o r  w a te r  and e t h y l  a l c o h o l .  The c a l i b r a t i o n  c u rv e s  a r e
♦ Supplied by Messrs S cott Bader & Co. , Ltd. , 109, 
Klngsway, London, W.C.2.
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shown i n  F ig s *  4 .2  and 4 •2 1 ,  r e s p e c t i v e l y .  The w ire  was now 
c a l i b r a t e d  f o r  i t s  r e s i s t a n c e  a t  0°C and a t  100°C b y  p a s s i n g  
a n o m in a l  c u r r e n t  th ro u g h  i t  and m e a su r in g  th e  v o l t a g e  d ro p s  
a c r o s s  th e  s e m i^ s ta n d a rd  and a c r o s s  th e  p o t e n t i a l  l e a d s  o f  
th e  w i r e .  The 0 .005  i n .  w ire  was c a l i b r a t e d  a t  th e  tem p era ­
t u r e  o f  b o i l i n g  95^6$ Bt.OH, i n s t e a d  o f  a t  100°C . T h is  w ire  
was n o t  u se d  wftth w a t e r .
The g l a s s  tu b e  was now mounted on th e  c i r c u l a t i n g  
sy s te m , th e  c i r c u l a t i n g  pump s t a r t e d ,  and th e  l i q u i d  made to  
b o i l  a t  a  s t e a d y ,  m o d e ra te ,  r a t e .  The Tjftves A andB w ere  ad­
j u s t e d  t o  g iv e  th e  d e s i r e d  r a t e  o f  f lo w .  F o r  m easu rem en ts  
i n  'the  " N u c le a te "  r e g i o n ,  a  s m a l l  D .C . was now p a s s e d  th ro u g h  
th e  w i r e ,  and p o t e n t i a l  d ro p s  were m easured  a c r o s s  th e  semi~ 
s t a n d a r d  and a c r o s s  th e  p o t e n t i a l  l e a d s ,  w i th  th e  p o t e n t i o ­
m e t e r .  The c u r r e n t  was th e n  i n c r e a s e d  b y  s m a l l  s t e p s  t o  a  
maximum and d e c r e a s e d  i n  s t e p s ,  and a  s e r i e s  o f  v o l t a g e  and 
c u r r e n t  r e a d i n g s  was r e c o r d e d .  W ith  e a c h  l i q u i d - w i r e  p a i r  
d e t e r m i n a t i o n s  w ere made a t  t h r e e  d i f f e r e n t  l i q u i d  v e l o c i t i e s  
o f  1 f t / s e e . ,  2 f t / s e c . ,  and 2 .9  f t / s e c . ,  r e s p e c t i v e l y .
Some data were a lso  taken in  the "film  b o ilin g"  
reg ion . To induce film  b o ilin g  on the whole wire without 
causing i t s  bum out, the fo llow in g  procedure was adopted.
To b e g in  w i t h ,  n u c l e a t e  b o i l i n g  was in d u c e d .  The c u r r e n t  was 
i n c r e a s e d  t o  a h ig h  v a lu e  b y  a d j u s t i n g  th e  v a r i a b l e  r e s i s t a n c e
o s ;
th e  b o i l i n g  s t i l l  b e in g  o f th e  n u c le a te  ty p e .  W ith o u t m aking 
a n y  f u r t h e r  a l t e r a t i o n s ,  th e  c u r r e n t  was m o m e n ta r ily  sw itc h e d  
o f f .  On tu r n in g  th e  s w itc h  on a g a in ,  f i lm  b o i l i n g  s e t  in  
o v e r m ost o f  th e  w ire  and q u ic k ly  sp re a d  o v e r th e  r e s t  o f i t .  
M easurem ents o f  p o t e n t i a l  d ro p s  w ere now begun i n  th e  u s u a l  
w ay. The c u r r e n t  was lo w e re d  in  s t e p s  and r e a d in g s  ta k e n  a t  
e ac h  s t e p .  When th e  c u r r e n t  s t r e n g t h  became s m a ll ,  b o i l i n g  
su d d e n ly  r e v e r t e d  to  th e  n u c le a te  ty p e  w ith o u t  r e q u i r i n g  any  
s p e c i a l  m a n ip u la t io n  to  a v o id  b u m  o u t o f th e  w i r e .  The 
m easu rem en ts w ere c o n f in e d  to  th e  0 .0 1  i n .  d i a .  w ire  w ith  
e th y l  a lc o h o l  a t  2 f t / s e o . ,  and E .9  f t / s e c . ,  l i q u i d  v e lo c i ­
t i e s ,  r e s p e c t i v e l y .
CALCULATIONS:-
T hese w ere made a s  fo l lo w s
(1 )  H eat Load p e r  h o u r ,  q , » 3 .4 1 5  B . I .
( 2 )  A rea  o f  w i r e ,  A, « J \L * L ,
where 3) -  D ia.
L -  L e n g th .
(3 )  R e s is ta n c e  o f  th e  W ire a t  T e m p e ra tu re , t ,
E
Ht  a 1  •
( 4 )  W ire te m p e r a tu re s  w ere com puted from  th e  f o l ­
lo w in g  r e l a t i o n : -
R t -  Ro 
t_  *  ------------------  X 1 0 0 .
P 2100 -  H0
C4M0
F o r th e  0 .0 0 5  i n .  w ire  c a l i b r a t e d  a t  7 8 .6 °C , f o r  i n s t a n c e ,  th e  
fo l lo w in g  r e l a t i o n  was u s e d : -
* t  -  Ho t ^  » ---------   X 7 8 .6 .
R7 8 .6  "  Bo
F o r th e  0 .0 2  w ire  a  r a d i a l  c o r r e c t i o n  was a p p l ie d ;  
th e  s u r f a c e  tm p e ra tu re  o f  th e  w ire  was o b ta in e d  from  th e  f o l ­
lo w in g  r e l a t i o n
t s  » t p  - (VA)
D
8 k
w hich  may be d e r iv e d  b y  assu m in g  u n ifo rm  g e n e r a t io n  o f e l e c ­
t r i c  h e a t  i n  th e  P la tin u m  and c o n s ta n t  th e rm a l  c o n d u c t iv i t y .  
T h is  r a d i a l  c o r r e c t i o n  am ounted to  o n ly  a  few  t e n t h s  o f a 
p e r  c e n t  i n  th e  c a se  o f  w a te r  w ith  th e  two t h in n e r  w ir e s  and 
in  th e  c a se  o f  a l l  th e  w ir e s  w i th  E t.0H ;as te m p e ra tu re  m easure ' 
m en ts w ere  n o t  v e ry  p r e c i s e ,  t h i s  c o r r e c t i o n  was n o t  a p p l ie d  
i n  th e s e  c a s e s .
RESULTS
T hese a re  s e t  ou t i n  T a b le s  4 .1  and 4 . 2 .  The d e ­
s i g n a t i o n  o f  th e  s e r i e s  i s  on th e  f o l lo w in g  b a s i s
N os. 1 , 2 , and 3 -  T hese r e f e r  to  th e  l i q u i d  v e lo ­
c i t i e s  o f  1 , 2 , and 2 .9  f t / s e c . ,  
r e s p e c t i v e l y .
A * 0 .0 2  i n .  w i r e ,
c w / )
G -  0*005 in*  w ire
E « E th y l  A lc o h o l (9 5 .6 $  by  w e ig h t ) .
Where A, B, and  C a r e  unaccom pan ied  w ith  Et th e y  r e f e r  to  
t e s t s  on w a te r ,  n u m e r ic a l  s u f f i x e s ,  1 , 2 , e t c . ,  r e f e r  to  
r e p e a t  t e s t s  w ith  th e  same l iq u i d - w i r e  p a i r  a t  th e  same 
l i q u i d  v e lo c i ty *  T hus, s e r i e s  r l  -  AB^f means t h a t  th e  t e s t s  
on e t h y l  a lc o h o l  w ith  0 .0 2  i n .  w i r e ,  a t  a  l i q u i d  v e l o c i t y  o f  
1 f t / s e c . ,  have  b een  r e p e a te d  o n e e .
AOCUBACY OF MBASURBMBNT
S in c e  th e  f lo w m e te r  was c a l i b r a t e d  
w i th  c o ld  l i q u i d s ,  t h i s  c a l i b r a t i o n  w ould n o t  h o ld  c l o s e l y  
f a r  th e  l i q u i d s  a t  t h e i r  b o i l i n g  p o i n t s .  A f u r t h e r  co m p li­
c a t io n  was in tro d u c e d  b y  th e  f a c t  t h a t  th e  pump te n d e d  to  
su c k  a  m ix tu re  o f  l i q u i d  and v a p o u r from  th e  c o p p e r v e s s e l  and 
com press i t  i n to  th e  t u b e s .  S in c e  th e  c o m p o s itio n  o f  t h i s  
m ix tu re  v a r i e d  from  moment to  moment, a  p u l s a t i n g  f lo w  was 
o b ta in e d  a s  i n d ic a t e d  b y  th e  m erc u ry  m anum eter. T h is  p u l s ­
a t i n g  f lo w  c a u se d  a  c o n se q u e n t u n s te a d y  te m p e ra tu re  o f th e  
p la t in u m  w i r e .  T h is  was R e f le c te d  i n  th e  s p o t  o f  l i g h t  o f 
th e  g a lv a n o m e te r , w hich  w as se ldom  s te a d y .  I t  w as, t h e r e ­
f o r e ,  v e r y  d i f f i c u l t  to  o b ta in  p r e c i s e  b a la n c e  o f  th e  p o te n ­
t i o m e te r .  T h is  f l u c t u a t i o n  m ust have  c a u se d  a s  h ig h  an  e r r o r  
a s  i .  10j6 i n  te m p e ra tu re  m easurem ent a t  low  v a lu e s  o f  c u r r e n t .
o %)
The p o te n t io m e te r  was a l s o  n o t  c a p a b le  o f  g r f e t  a c c u ra c y .  
A ssum ing an  e r r o r  o f  £  1$ in  th e  m easurem ent o f  l e n g th  and 
d ia .  o f  th e  w i r e ,  i t  i s  p ro b a b le  t h a t  a t  lo^[ v a lu e s  o f  f l u x ,  
r e s u l t s  may have an  e r r o r  o f ± 20f i .  At th e  h ig h e s t  v a lu e s  
o f  f l u x ,  t h i s  e r r o r  may s t i l l  be  o f th e  o rd e r  o f  ±  1 0 $ ,
OBSERVATIONS PIT BOILING
When th e  c u r r e n t  was in c r e a s e d  from  a  v e ry  sm a ll  
v a lu e  u p w ard s , b o i l i n g  d id  n o t  s e t  in  u n t i l  a  c e r a in  minimum 
f l u x  was r e a c h e d .  T h is  minimum f l u x  in c r e a s e d  w ith  a  de­
c r e a s e  in  th e  d ia m e te r  o f  th e  w i r e .  I t  a l s o  in c r e a s e d  w ith  
in c r e a s in g  l i q u i d  v e l o c i t y ,  a l th o u g h  th e  d i f f e r e n c e  b e tw een  
th e  v a lu e s  f o r  th e  two h ig h e r  v e l o c i t i e s  was n o t  c o n s id e r a b le .  
W a te r , f o r  th e  same w ire  and l i q u i d  v e l o c i t y ,  b eg an  b o i l i n g  
u n d e r  a  much h ig h e r  f l u x  th a n  e t h y l  a l e b K o l . . T hese minimum 
v a lu e s  o f  f l u x  a t  w h ich  b o i l i n g  j u s t  commenced, a r e  i n d ic a t e d  
in  th e  T a b le s  o f  R e s u l t s  b y  an  a s t e r i s k  f o r  m ost o f th e  t e s t  
s e r i e s .  A t th e  s t a r t  o f  b o i l i n g  o n ly  two o r  t h r e e  n u c le i  
u se d  t o  be  a o t i v e ,  b |i t  t h e i r  num ber q u ic k ly  in c r e a s e d  w ith  
r i s i n g  f l u x ,  and c o v e re d  th e  w hole w i r e .
W ith  e t h y l  a lc o h o l  a n o th e r  i n t e r e s t i n g  o b s e r v a t io n  
w as m ade. When th e  f l u x  was g r a d u a l ly  in c r e a s e d  b o i l i n g  d id  
n o t  s e t  i n  u n t i l  th e  v a lu e  o f th e  fo rm e r becam e f a i r l y  h ig h .  
V ig o ro u s  b o i l i n g  w ould th e n  s u d d e n ly  s e t  in  o v e r th e  w hole
0*5)
P l a t e .  I V - I I I .  E th y l A lco h o l b o i l i n g  o v e r 0 .0 1  i n .  d i a .
P t  W ire. F lu x  = 1 5 ,0 0 0  B. Th. U /h r / s q .  f 1 .  
Temp. Drop = 25 F . L iq u id  v e l o c i t y  = 1 
f t . / s e c .  E x posu re  : 1 /5 0 0  s e c .
P l a t e .  IV -IV . E th y l  A lc o h o l b o i l i n g  o v e r 0 .0 1  in .  d ia .
P t  W ire. F lu x  = 3 8 ,0 0 0  B .T h .U / h r / s q . f t .  
Temp. Drop = 2 8 .5  F . L iq u id  v e l o c i t y  =
1 f t . / s e c .  E x posu re  : 1 /5 0 0  s e c .
c w )
w i r e .  The f l u x  was in c r e a s e d  f u r t h e r ,  f o r  m easu rem en ts in  
th e  n u c le a t e  r e g io n ,  and th e n  g r a d u a l ly  d e c r e a s e d .  T h is  tim e  
th e  b o i l i n g  d id  n o t  c e a s e  a t  t h a t  v a lu e  o f  f l u x  w here i t  had 
commenced on g o in g  u p . I t  c o n tin u e d  down to  a  f l u x  v a lu e  
much lo w e r th a n  th e  p re v io u s  o n e . T h is  w ould s u g g e s t  a  m arked 
te n d e n c y  o f  e t h y l  a lc o h o l  f o r  s u p e r h e a t in g .  W ith  w a te r  i t  
was fo und  t h a t  b o i l i n g  commenced and c e a se d  a t  p r a c t i c a l l y  
th e  same v a lu e  o f  f l u x .  The te n d e n c y  o f a l c h o l  f o r  s u p e r­
h e a t in g  was g r e a t e r  w i th  w ir e s  o f s m a lle r  d ia m e te r .
The b o i l i n g  o f e th y l  a lc o h o l  o v e r 0 .0 1  i n .  d i a .  w ire  
a t  a  l i q u i d  v e l o c i t y  o f  1 f t / s e c . ,  u n d e r  f l u x e s  o f  15000 B* 
T h . U . / h r / s q . f t . *  and SfOOO B . T h . u / h r / s q . f t . ,  i s  shown i n  
P l a t e s  (IV  -  I I I )  and ( IV -IV ) , r e s p e c t i v e l y .
&
TABLE 4 .1  ( WATER )
S e r i e s  1—-A
L eng th  o f  w ire  ^  10*3 i n .  T e s t  S e c t io n  * 6 .7 5  i n .
D ia .o f  w ire  m 0 .0 2 0  i n .  S u r fa c e  A rea  « 0 .002948  s q . f t .  
RlOo ® 0 .1 2 6 0  ohms. H-^qq -  Rq «  0 .030S  ohms.
L iq u id  v e l o c i t y  a  l f t / s e c .
T e s t
No.
E
( v o l t s )
I
( am ps)
* t
( ohms) (V)
R a d ia l  
C o rre c ­
t i o n  
( *11
C orrec- q/A  h .  
te d  
A tof
1 . 0 .3 6 9 1 S.9SS 0 .1S 64 2 .1 6 2 .2 1250 568
S . 0 .5 1 0 0 4 .0 3 3 0.1865 3 .9 6 4 .0 2385 5 9 6 .3
3 . 0 .6 5 0 1 5 .0 4 4 0.1869 5 .4 0 _ — — 5 .4 3743 693
4 . 0 .7 6 3 4 6 .0 0 8 0 .1871 6 .5 7 6 .6 5309 805
5 . 0 .9117 7 .1 4 0 0 .1276 9 .7 2 0 .0 0 4 9 .7 7543 778
6 . 1 .0 1 0 4 7 .9 1 0 0 .1 2 7 8 1 0 .8 7 O.OOS 1 0 .9 9260^  850
7 . 1 .1 4 8 6 8 .9 1 6 0 .1 2 8 2 1 3 .1 9 0 .0 6 1 3 .1 11800^ 901
8 . 1 .3 9 6 7 1 0 .8 7 0 0 .1285 2 2 .0 3 0 ,09 1 4 .9 17580 1180
9 . 1 .5 3 5 3 11*920 0 .1288 1 6 .7 4 0 .1 1 1 6 .6 21170 1276
1 0 . 1 .6 6 4 7 1 8 .9 5 8 0 .1285 1 5 .0 3 0 .1 2 1 4 .9 25000 1678
1 1 . 1 .S 685 9 .905 0 .1281 1 2 .6 0 0 .07 1 2 .5 14560 1166
I S . 1 .0 3 0 6 8 .1 8 8 0 .1275 9 .0 9 0 .005 9 .1 9655 1061
1 3 . 0 .7 8 9 1 6 .8 0 6 0 .1 2 7 2 7 .2 7 .2 5670 787
1 4 . 0 .6 4 1 1 5 .0 5 3 0 .1269 5 .4 5 .4 3755 696
S e r i e s  E -  A. (L iq u id  v e l o c i t y  -  E f t / s e o . )
1 . 0*H S<T- 7 2 2 5 8 ‘ V ZC ZSt" ' 2 .3 9 " — • - - g ;4 — '1364 531:5
3 . 0 .7 9 6 2 6 .2 6 7 0 .1 2 7 1 6 .6 6 — 6 .7 5780 863
3 . 1 .2 2 4 0 9 .5 2 0 0 .1286 1 9 .5 6 0 .0 6 1 9 .5 13600 ^  6 9 2 .5  
•  8 6 0 .04 . 1 .3 6 8 5 1 0 .6 3 0 0 .1 2 8 8 1 9 .6 4 0 .0 8 1 9 .6 16840
5 . 2 .0 6 8 0 1 5 .9 0 0 0 .1 3 0 0 2 3 .8 8 0 .1 8 2 3 .7 38110 1608
6 . 2 .4 7 5 0 1 8 .9 5 0 0 .1306 2 7 .4 5 0 .2 6 2 7 .2 54300 1996
7 . 2 .8 6 5 2 1 .8 6 0 .1 3 1 1 3 0 .6 0 0 .3 4 3 0 .3 72500 2394
8 . 3 .2 0 5 2 4 .3 0 0 .1 3 2 0 3 5 .7 6 0 .4 3 3 5 .3 90200 2556
♦ Minimum F lu x  v a lu e  f o r  th e  commencement o f  b o i l i n g .
cm)
T A B L E *  4.1 (Continued)
W ire D ia . *  0 .0 2 0  i n .  Length. •  9 .2  i n .  T e s t S e c t io n  
= 6 . 8  i n .  H eat T r a n s f e r  A rea  a  0 .002966 s q . f t .
R l00  s  0 ,1266  ohm s. % 0 0  a 0 *  0*0327 ohms.
SERIES. 1-A1#
( V e lo c i ty  =• 1 f t / s e c . )
R a d ia l C o rr .
T e s t E I A t c o r r e c A t a h
Ho. v o l t s V t i o n . A *
am ns. ohms 3P Oj, °F
1* 0 .3 2 1 2 2 .5 2 3 0 .1 2 7 4 4 .9 6 5 .0 927 1 8 5 .4
2 . 0 .3239 2 .5 3 9 0 .1276 6 .0 5 6 .1 942 1 5 4 .5
3 . 0 .4 2 2 3 3 .3 0 4 0 .1278 7 .1 5 0 .0 0 8 7 .1 1595 2 2 4 .7
4 . 0 .4 2 6 9 3 .3 2 5 0 .1 2 8 2 9 .3 6 0 .0 0 8 9 .4 1622 1 7 2 .6
5 . 0 .6 6 2 3 5 .1 5 2 0 .1286 1 1 .5 6 0 .0 2 1 1 .5 3900 3 3 9 .1
6 . 0 .6 6 2 4 5 .1 5 4 0 .1286 1 1 .5 6 0 .0 2 1 1 .5 39 02 . t 3 3 9 .3
7 . 1 .0 4 4 7 8 .086 0 .1 2 9 2 1 4 .8 6 0 .0 4 8 1 4 .8 9660 6 5 2 .6
8 . 1 .0 4 5 2 8 .1 0 0 0 .1292 1 4 .8 6 0 .0 4 8 1 4 .8 9750 6 5 8 .8
9 . 1 .2 6 8 2 9 .8 0 5 0 .1 2 9 4 1 5 .9 6 0 .07 1 5 .9 14210 8 9 3 .5
1 0 . 1 .2 8 0 1 9 .9 0 5 0 .1294 1 5 .9 6 0 .0 7 1 5 .9 14500 9 1 2 .5
1 1 . 1 .7 0 0 5 13 .105 0 .1 2 9 8 1 8 .1 7 0 .1 3 1 8 .0 25480 1415
1 2 . 1 .7 0 2 4 1 3 .1 3 0 0 .1298 1 8 .1 7 0 .1 3 1 8 .0 25560 1420
1 3 . 2 .1 3 9 1 6 .3 6  0 •1307 2 3 .1 1 0 .2 0 2 2 .9 40000 1748
1 4 . 2 .2 1 5 1 6 .9 3 0 .1 3 0 8 2 3 .6 8 0 .2 1 2 3 .5 42900 1826
SERIES. 2-Ax •
( V e lo c i ty  s  2 f t / s e c . )
E io o  -°'1260  ohms; R0 =» 0 . 0938 ohms; &x00“^0~^ • 0322ohmi
1 . 0 .4 1 8 1 3 .306 . 0 .1265 2 .8 0 c 2 .8 1592 5 6 9 .0
2 . 0 .8 0 5 8 6 .3 3 4 0 .1272 6 .7 1 0 .0 3 6 .7 5880 8 7 8 .0
3 . 1 .2 3 9 9 .6 5 0 0 .1 2 8 4 1 3 .4 2 0 .07 1 3 .4 13760 1 0 2 7 .0
4 . 1 .3 8 5 1 0 .7 7 5 0 .1285 1 3 .9 8 0 .09 1 3 .9 17180$ 1237
5 . 1 .7 0 0 1 3 .1 7 3 0 .1 2 9 0 1 6 .7 6 0 .1 3 1 6 .6 25780 1553
6 . 2 .0 9 5 1 6 .1 5 5 0 .1297 2 0 .6 9 0 .2 0 2 0 .5 39000 1902
7 . 2 .5 0 7 1 9 .2 6 0 .1302 2 3 .4 8 0 .2 8 2 3 .2 55610 2397
8 . 2 .8 6 6 2 1 .9 2 0 .1308 2 6 .8 4 0 .3 7 2 6 .5 72380 2732
9 . 3 .2 4 6 2 5 .7 1 0 .1 3 1 4 3 0 .2 0 0 .4 7 2 9 .7 92380 3112
T A B L E ,  4.1 (Continued)
Ei o o  "  ° * 1 2 6 5  o h m s* Ho “  ° - 0 9 4 1 ; K1 0 0  -  Ho  *
* 0 .0 3 2 4  ohms* O th e r d e t a i l s  same a s  on th e  l a s t  
p a g e .
SERIES. 3-A .
( V e l o c i t y *  2 .9  f t / s e e . )
R a d ia l  (Jo r r .
T e s t E I Ht A t c o rre c i- A t 1 hI# t i o n A
*9? T O l t s am ps. ohms F °F F
1 . 1 .0 5 5 1 8 .2 1 2 0 .1 2 8 5 1 1 .1 2 0 .0 5 1 1 .1 9980 8 9 9 .0
2 . 1 .2 5 0 9 .6 5 5 0.1295 1 6 .6 6 0 .07 1 6 .6 1 3 8 9 5 . 8 3 7 .0
3 . 1 .6 2 8 1 2 .5 4 0 .1298 1 8 .3 4 0 .1 2 1 8 .2 23520 1292
4 . 2 .0 6 6 15 .86 0 .1 3 0 3 2 1 .1 0 0 .19 2 0 .9 37760 1808
5 . 2 .4 9 6 1 9 .0 6 0 .1 3 1 0 2 5 .0 2 0 .2 8 2 4 .7 54780 2219
6 . 2 .8 5 2 2 1 .7 4 0 .1313 2 6 .6 8 0 .3 6 2 6 .3 71400 2716
7 . 3 .2 5 8 2 4 .7 8 0 .1315 2 7 .8 0 0 .4 7 2 7 .3 92980 3409
8 . 3 .6 7 9 2 7 .9 2 0 .1 3 1 8 2 9 .4 5 0 .6 0 2 8 .9 118350 4098
9 . 3 .3 8 1 2 5 .7 6 0 .1 3 1 3 2 6 .6 8 0 .5 1 2 5 .2 100240 3828
1 0 . 2 .7 0 8 2 0 .7 0 0 .1308 2 3 .9 0 0 .3 3 2 3 .6 64550 2736
1 1 . 2 .0 2 4 1 5 .6 1 0 .1297 1 7 .7 8 0 .1 9 1 7 .6 36370 2067
1 2 . 1 .4 6 2 1 1 .3 2 0 .1 2 9 2 1 5 .0 0 0 .1 0 1 4 .9 19070 1280
I S . 1 .0 3 1 8 .0 2 5 0 .1285 1 1 .1 2 0 .0 5 1 1 .1 9530 8 5 9 .0
SEEIBS. l - B .
W ire D ia .= 0 .0 1 0  i n .  L en g th  -  1 0 .3  i n . T e s t  S e c t io n
— 6 .8 4  i n . H eat T r a n s f e r A rea  = 0 .001492  S Q . f t , a
R ,0n =■ 0 .5 2 9 0  ohms • nn -  B q  - 0 .1365 ohms.( V e l o c i t y  l f t / s e c . )
1 . 0 .5 6 9 4 1 .0 7 5 0 .5 3 0 0 «... 1 .3 1405 1661
2 . 0 .9 0 2 3 1 .7 0 2 0 .5 3 0 5  — — 2 .0 3515 1757
3 . 1 .6 2 6 3 .0 4 5 0 .5345 — 7 .3 11340 1555
4 . 1 .6 4 3 3 .0 8 2 0 .5 3 3 1 5 .4 11590 2147
5 . 2 .1 8 1 4 .0 5 0 0 .5386 — 1 2 .7 20210*.
22250
1592
6 • 2 .2 8 8 4 .2 4 6 0 .5 3 9 1 mm mm 1 3 .3 1674
7 . 2 .7 3 8 5 .0 5 0 0 .5 4 2 0  — 1 7 .2 31640 1841
8 . 2 .8 6 1 5 .2 6 6 0 .5 4 3 5  —. •»»» 1 9 .1 34500 1806
9 . 3 .2 3 1 5 .9 3 4 0 .5 4 5 0  — — 2 1 .1 43900 2080
1 0 . 3 .4 1 3 6 .2 6 0 0 .5 4 5 3 2 1 .5 48900 2274
09*0
T A B L E ,  4.1.(Continued)
SEBIES.B-B. 
( V e lo c i ty  ■> 2 f t / s e c . )
T e s t E I Ht At CL hRo.
°Pv o l t s am ps. ohms A
1* 1 .2 3 6 2 .3 3 0 0 .5 3 1 5 3 .3 6590 1996
2* 1 .6 1 2 3 .0 2 3 0 .5 3 3 3 5 .7 11160 1958
3* 2 .2 7 4 4 .2 3 6 0 .5 3 7 2 1 0 .8 22050 2044
4 . 2 .3 4 0 4 .3 5 1 0 .5 3 8 0 1 1 .9 23300 1960
5 . 2 .6 9 9 5 .007 0 .5 3 8 8 1 2 .9 26860 2082
6 . 2 .8 1 7 5 .2 3 0 0 .5 3 9 0 1 3 .2 33740 2557
7 . 3 .2 3 8 5 .9 8 6 0 .5 4 1 0 1 5 .8 44400 2804
8 . 3 .5 6 5 6 .5 9 0 0 .5 4 1 2 1 6 .1 53800 3340
9 . 3 .5 7 3 6 .6 0 0 0 .5 4 1 5 1 6 .5 54000 3274
1 0 . 4 .1 0 8 7 .5 5 6 0 .5 4 4 0 1 9 .8 71000 3588
SERIESi 3-B 
( V e lo c i ty  «  2 .9  f t / s e c . )
1 . 1 .0 3 0 1 .9 4 2 0 .5 3 0 8 2 .4 4576 1908
2 . 1 .2 1 3 2 .2 8 5 0 .5 3 1 0 2 .6 6345 2443
3 . 1 .5 8 4 2 .9 8 0 0 .5 3 2 0 4 .0 10800 2700
4 . 1 .5 9 9 3 .0 0 3 0 .5 3 2 8 5 .0 10990 2198
5 . 2 .0 0 9 3 .7 7 2 0 .5 3 3 0 5 .3 17350*, 3273
1 . 2 .6 7 6 4 .9 8 5 0 .5 3 7 0 1 0 ,6 30530 ™ 2880
7 . 2 .7 1 7 5 .0 5 9 0 .5 3 7 2 1 0 .8 31480 2916
8 . 3 .2 2 3 5 .9 8 1 0 .5 3 9 0 1 3 .2 44150 3345
9 . 3 .5 1 9 6 .5 2 0 0 .5 3 9 7 1 4 .1 52500 3725
1 0 . 3 .6 8 8 6 .8 2 3 0 .5 4 1 0 1 5 .8 57610 3650
1 1 . 3 .7 4 0 6 .9 1 0 0 .5 4 1 5 1 6 .5 59130 3584
1 2 . 4 .3 9 8 8 .0 3 8 0 .5 4 7 0 2 3 ,8 80950 3402
1 3 . 4 ,4 0 1 8 .0 6 0 0 .5 4 6 3 2 2 .8 81200 3560
O 95J>
T A B L E ,  4 . 2 .
ETHTL ALCOHOL.
W ire D ia* = 0 .0 2 0  in*  l e n g th  = 9 * 2  i n .  T e s t  S e c t io n  
» 6*8 in *  H eat T r a n s f e r  A rea  *  0 .002966  s q . . f t .
E io o  ™ 0*1265 ohms. -  R q  ~ 0 .0 3 2 4  ohms.
B o i l in g  P o in t  o f  E th y l  A lc o h o l = 7 8 .6  °G.
SERIES: 1-AE.
( V e lo c i ty  •  1 f t / s e c . )
T e s t
No.
E
3ioM*.
I
amps* ohms.
A t q/A h
1 . 0*2453 2 .0 3 4 0*1206 5 .8 574 9 9 .0
2 . 0*3879 3 .2 0 1 0 .1 2 1 2 9 .1 1430 1 5 7 .0
3 . 0*6494 5 .3 2 1 0 .1 2 2 1 1 3 .8 3997 # 2 8 8 .3
4 . 0 .7 3 8 5 6 .0 3 2 0 .1 2 2 3 1 5 .3 5132 3 3 5 .5
5 . 1 .0 0 7 5 8 .1 9 0 0 .1 2 3 1 1 9 .7 9505 4 8 3 .0
6 . 1 .0 2 1 8*262 0*1236 2 2 .4 9720 4 3 4 .0
7 . 1*142 9*225 0 .1 2 3 8 2 3 .6 12140 5 1 4 .3
8 . 1*148 9 .2 7 5 0 .1 2 3 8 2 3 .6 12270 5 2 0 .0
9 . 1 .5 6 1 12*560 0 .1 2 4 3 2 6 .3 22550 8 6 6 .0
10* 1*564 12 .5 9 5 0 .1 2 4 2 2 5 .7 22680 8 8 2 .0
1 1 . 1 .5 6 0 1 2 .5 6 0 0 .1 2 4 3 2 6 .3 22550 8 6 6 .0
SERIES: 2~AE. ( V e lo c i ty  - - 2  f t / s e c . )
1 . 0*3448 2 .8 5 2 0*1209 7 .4 1133 1 5 3 .2
2 . 0 .3 5 9 8 2 .9 7 6 0 .1 2 1 0 7 ,9 1192 1 5 0 .9
3 . 0 .6 2 6 3 5 .1 5 0 0 .1 2 1 6 1 1 .2 3713 3 3 1 .7
4 . 0 .7 3 6 0 6 ,0 3 5 0 .1 2 2 0 1 3 .5 5116. 3 7 9 .5
5 . 0 .7 4 2 5 6 .0 9 0 0 .1 2 2 0 1 3 .5 52090* 3 8 6 .0
6 . 0 .7 5 6 0 6 .1 7 0 0 .1 2 2 6 1 6 .9 5370 3 1 7 .7
7 . 1 .0 0 7 5 8 .1 9 5 0 .1 2 3 0 1 9 .1 9390 4 9 2 .0
8 . 1 .0 9 3 4 8 .8 2 0 0 .1 2 4 1 2 5 .2 11100 4 4 0 .4
9 . 1 .0967 8 .8 3 0 0 .1 2 4 2 2 5 .8 11150 4 3 2 .0
1 0 . 1 .2 8 1 0 1 0 .3 4 5 0 .1 2 3 9 2 4 .1 15260 6 3 3 .0
1 1 . 1 .5 7 3 5 1 2 .6 3 0 0 .1 2 4 6 2 8 .0 22930 8 1 9 .0
1 2 . 1 .6 3 2 2 1 3 .1 3 0 0 .1 2 4 4 2 6 .8 24700 9 2 1 .0
1 3 . 1 .6 3 3 4 1 3 .1 3 0 0 .1 2 4 5 2 7 .5 24710 8 9 8 .5
1 4 . 1 .9 2 7 7 1 5 .4 7 0 0 .1 2 4 8 2 9 .1 34140 1 1 8 0 .0
03U
T A B L E ,  4 , 2  ( C o n t i n u e d )
SERIES: 3-AE. ( V e l o c i t y  a  2 . 9  f t / s e c . )
T e s t  E I A t t /A h
E o . Y 0 lt8 amps. ohms
1 • 0 .3 4 3 8 S .845 0 .1 2 0 9 7 .4 1127 1 5 2 .4
2* 0 .4 5 3 5 3 .7 4 5 0 .1212 9 .1 1957 2 1 5 .0
3 9 0 .6 2 3 8 5 .1 3 1 0 .1216 1 1 .2 3685. 3 2 9 .0
4 . 0 .7 4 3 1 6 .1 0 5 0 .1 2 1 8 1 3 .2 5 2 2 1 ^ 3 9 5 .6
5 . 0 .974S 7 .9 6 8 0 .1 2 2 4 1 5 .8 8930 5 6 5 .4
6 9 0 .9 8 6 3 8 .0 1 0 0 .1 2 3 2 2 0 .2 9095 4 5 0 .0
7 . 1 .1 3 6 7 9 .1 8 0 0 .1 2 3 9 2 4 .1 12020 4 9 8 .8
8* 1 .4S 68 1 1 .5 3 5 0 .1 2 3 8 2 3 .6 18965 8 0 3 .5
9 o 1 .5 1 3 8 1 2 .1 9 5 0 .1 2 4 2 2 5 .8 21260 8 2 4 .0
1 0 . 1 .8 4 6 1 4 .8 1 5 0 .1 2 4 7 2 8 .5 31460 1 1 0 4 .0
11. 1 .9 4 6 1 5 .5 9 0 0 .1 2 4 9 2 9 .7 34910 1 1 7 6 .0
I S . S .145 1 7 .1 3 0 0 .1 2 5 3 3 1 .8 42300 1 3 3 0 .0
SERIES: 1-B E. ( V e lo c i ty  ® 1 f t / s e c )
W ire  D ia .  • 0 .0 1 0  i n . L en g th  » 1 0 .3  i n . T e s t  S e c t io n
s* 6 .8 4  i n . H eat T r a n s f e r  A rea a? 0 .001492  s a . f t .
H ioo  -  0 .5 S 9 0  ohm s. R100 ~ R0 = ohm s.
1 . 0 .4 7 2 5 0 .9 3 9 0 0 .5 0 3 0 4 .3 1006 2 3 4 .0
2 . 0 .4 8 3 5 0 .9 6 2 6 0 .5 0 2 3 3 .4 1065 3 1 3 .5
3 . 0 .6 7 2 6 1 .3 3 5 5 0 .5 0 3 7 5 .2 2055 3 9 5 .3
4 . 0 .9 9 8 5 1 .9 6 8 0 .5 0 7 2 9 .9 4493 4 5 4 .0
5 . 1 .0 8 3 1 2 .1 3 2 0 .5 0 8 2 1 1 .2 5284 A 4 6 7 .4
6 . 1 .4 2 0 5 2 .7 6 9 0 .5 1 3 5 1 8 .2 9 0 0 0 * 4 9 5 .0
7 . 1 .6 1 5 3 3 .1 2 0 0 .5 1 8 0 2 4 .1 11540 4 7 9 .3
8 . 2 .1 5 1 2 4 .1 3 3 0 .5 2 0 5 2 7 .4 20350 7 4 3 .3
9 . 2 .2 2 4 5 4 .2 7 6 0 .5 2 0 3 2 7 .2 21750 7 9 9 .5
1 0 . 2 .9 9 2 5 .7 4 0 0 .5 2 1 5 2 8 .7 39330 1 3 7 0 .0
1 1 . 2 .9 9 4 5 .7 4 6 0 .5215 2 8 .7 39400 1 3 7 3 .0
1 2 . 3 .0 8 6 5 .9 2 0 0 .5 2 2 0 2 9 .3 41780 1426 .0
T A B L E . 4 . 2  ( C o n t i n u e d )
SERIES: 2 -B E .  ( V e l o c i t y  -  2 f t / s e c . )
T e s t
Ko.
E
v o l t s
I
am ps.
s t
ohms
/ t  
F .
a / a h
!♦ 0 .7 6 3 6 1 .5 0 8 0 .5 0 6 1 8 .4 6 2634 3 1 0 .0
2 • 0 .7 6 3 8 1 .5 0 8 0 .5 0 6 3 8 .7 2635 3 0 3 .0
3 . 1 .3 8 2 7 2 .6 9 9 0 .5 1 2 6 1 7 .0 8535 5 0 2 .2
4 . 1 .3 8 4 4 2 .7 0 3 0 .5 1 2 1 1 6 .3 8565 5 2 5 .5
5 . 1 .0 5 8 4 2 .0 7 5 0 .5 1 0 0 1 3 .7 5023 3 6 7 .0
6 • 1 .0 5 9 6 2 .0 7 6 0 .5 1 0 0 1 3 .7 5032. 3 6 7 .6
7 . 1 .8 0 5 7 3 .5 0 8 0 .5 1 5 0 2 0 .2 14500$ 7 1 5 .5
8 . 1 .8 0 7 8 3 .5 1 0 0 .5 1 5 3 2 0 .5 14525 7 0 8 .5
9 . 2 .5 2 2 4 .8 4 2 0 .5 2 1 0 2 8 .1 27970 9 9 6 .0
1 0 . 2 .5 3 6 4 .9 1 1 0 .5 1 6 5 2 2 .1 28500 1 2 9 0 .o
1 1 . 2 .7 5 6 5 .2 9 6 0 .5 2 0 2 2 7 .0 33420 1238 .0
1 2 . 2 .8 6 7 5 .5 0 0 0 .5 2 1 5 2 7 .2 36100 1 3 2 8 .0
1 3 . 2 .8 7 6 5 .5 1 0 0 .5 2 2 0 2 9 .5 36260 1230.#0
1 4 . 3 .0 8 0 5 .8 7 5 0.524Q 3 2 .2 41400 1 2 8 6 .0
1 5 . 3 .0 8 2 5 .8 9 0 0 .5 2 3 2 3 1 .1 41550 1 3 3 7 .0
SERIES: 3~BE . ( V e l . - 2 .9  f t / s e c . )
1 . 0 .6 4 3 7 1 .2 7 4 0 .5 0 5 0 7 .0 1878 2 6 8 .3
2 . 0 .6 4 6 6 1 .2 7 8 0 .5 0 5 9 8 .2 1892 2 3 0 .7
3 . 0 .9 5 4 1 1 .8 8 0 0 .5 0 7 5 1 0 .3 4105 3 9 8 .7
4 . 1 .1 3 9 2 2 .2 4 5 0 .5076 1 0 .4 5854 5 6 3 .0
5 . 1 .5 7 1 1 3 .0 7 0 0 .5 1 1 8 1 5 .9 11030 6 9 3 .7
6 . 1 .5 7 1 7 3 .0 7 1 0 .5 1 2 1 1 6 .4 11040 6 7 3 .3
7 . 1 .5 7 2 0 3 .0 7 5 0 .5 1 1 1 1 5 .1 11050 m 
14660 •
7 3 2 .0
8 . 1 .8 1 4 2 3 .5 3 0 0 .5 1 4 1 1 9 .0 7 7 2 .0
9 . 2 .0 7 2 0 4 .0 1 0 0 .5167 2 2 .4 19030 8 5 0 .0
1 0 . 2 .7 4 7 5 .2 7 0 0 .5 2 1 1 2 8 .2 33110 1 1 7 4 .0
1 1 . 2 .7 5 5 5 .2 7 5 0 .5 2 2 2 2 9 .6 33250 1 1 2 3 .0
1 2 . 3 .0 8 8 5 .9 1 1 0 .5 2 2 2 2 9 .6 41760 1 4 1 1 .0
1 3 . 3 .2 0 3 6 .1 4 2 0 .5 2 1 5 2 8 .8 45000 1 5 6 3 .0
T A B L E .  4 . 2 .  ( C o n t i n u e d )
SERIES 1 -  SB- .  ( V e l o c i t y *  I  f t / s e c . )
T e s t
Not
E
V O l t B
I
am ps.
Ht
ohms
A t
0-
1*
i h
1 . 0*5175 1 .0 3 4 0 .5 0 1 0 6 .7 1230 1 8 3 .6
2 . 0*7290 1 .455 0*5010 6 .7 2400 3 6 4 .0
3 . 1 .4 9 0 2 .9 0 1 0 .5137 2 3 .6 9960 4 2 2 .1
4 . 2 .1 2 2 4 .0 9 3 0 .5188 3 0 .4 20010 6 5 8 .5
5 . 2 .8 0 4 5 .3 6 3 0 .5229 3 6 .0 33400 9 2 8 .0
6 • 3 .4 0 8 6 .5 2 4 0*5224 3 5 .2 51300 1 4 5 8 .0
7 . 1 .1 6 5 2 .2 9 4 0 .5078 1 5 .7 6*70 3 7 4 .0
8 . 0 .9 8 8 3 1 .9 5 3 0 .5053 1 2 .4 4430 3 5 7 .4
9 « 0*3192 0 .6412 0*4979 2 .5 471 1 8 8 .5
SERIES l-B E n . ( T e l o c i t y * 1 f t / s e c . )
H7 8 .e »  0 .4 9 6 0 ohms; B78<6
II01 0 .1035  ohms*
T e s t E I Rt At I h
No. Y O l t S am ps. ohms
0
F
M,
1 . 2 .7 0 9 5 .0 5 6 0 .5358 5 3 .1 31500 5 9 4 .2
2 . 2 .0 9 3 4 .0 4 3 0 .5175 2 7 .7 19500 7 0 4 .5
3 . 1 .5 4 3 3 .0 4 3 0 .5 0 7 1 1 4 .8 10880 7 3 1 .0
4 . 1 .3 0 1 2 .5 5 0 0 .5 1 0 3 1 9 .1 7 6 4 0 t 4 0 0 .0
5 . 0 .9576 1 .9 0 2 0 .5 0 3 4 9 .9 4190 4 2 3 .4
6 . 0 .5 1 3 0 1 .0 2 5 0 .5 0 0 6 6 .1 1211 1 9 8 .6
7 . 1 .8 0 3 3 .4 8 6 0 .5 1 6 8 2 7 .8 14460 5 2 0 .0
8 . 2 .9 9 2 5 .6 0 8 0 .5 4 6 1 6 6 .9 38650 5 7 8 ,0
( W J
T A B L E .  4 . 2 .  ( C o n t i n u e d )
SEEIES 2-B E ^. ( V e lo c i ty  -  2 f t / e e o . )
h i .  6 »  0 .4 9 6 0 ohms; R ^ .6 ~ R0 * 0 .1035  ohms.
T e s t E I h A t f
h
No* T O l t S am ps. ohms °E
1 . 0 .5011 1 .0 0 2 0 .5 0 0 0 5 .4 1156 2 1 4 .2
2 . 0 .6309 1 .2 5 9 0 .5012 7 .0 1824 260^5
3 . 1 .3 6 5 2 .6 8 1 0 .5091 1 7 .5 8428 4 8 2 .0
4 . 1 .7 3 5 3 .3 8 8 0 .5 1 2 2 2 1 .6 13540 6 2 7 .0
5 . 2 .1 7 2 4 .2 2 5 0 .5 1 4 1 2 4 .2 21130 8 7 3 .0
6 . 2 .6 6 9 5 .1 3 0 0 .5195 3 1 .4 31590 1 0 0 7 .0
7 . 2 .6 4 2 5 .0 8 2 0 .5199 3 1 .9 30910 9 6 9 .0
8 . 2 .7 6 7 5 .3 2 8 0 .5203 3 2 .3 33950 1 0 5 1 .0
9 . 3 .0 0 7 5 .7 7 1 0 .5212 3 3 .6 39960 1 1 9 0 .0
1 0 . 3 .2 2 9 6 .1 7 2 0 .5 2 3 4 3 6 .5 45910 1 2 5 8 .0
1 1 . 3 .1 3 6 5 .969 0 .5 2 5 4 3 9 .3 43110 1 0 9 8 .0
1 2 . 2 .9 8 6 4 .9 7 2 0 .6006 1 3 6 .9 34190 2 5 0 .0
1 3 . 3 .2 9 9 5 .2 5 0 0 .6 2 8 4 1 7 7 .0 39890 2 2 5 .5
1 4 . 3 .9 2 3 5 .2 4 6 0 .7 4 8 0 3 3 7 .0 47410 1 40 .7
1 5 . 3 .9 9 5 5 .2 8 8 0 .7 5 5 4 3 4 6 .0 48650 1 4 0 .7
1 6 . 4 .3 0 5 5 .4 9 5 0 .7 8 3 4 3 8 4 .0 54490 1 4 1 .8
1 7 . 4 .6 3 5 5 .7 0 5 0 .8127 4 2 4 .0 60890 1 4 3 .6
1 8 . 5 .0 2 3 5 .9 6 9 0 .8416 4 6 1 .0 69050 1 4 9 .8
1 9 . 5 .1 2 8 5 .9 9 4 0 .8549 4 8 0 .0 70730 1 4 7 .4
2 0 . 5 .3 5 2 6 .116 0 .8 7 5 0 5 0 6 .0 75390 1 4 8 .9
2 1 . 5 .5 0 9 6 .2 1 0 0 .8872 5 2 3 .0 78790 1 5 0 .7
2 2 . 5 .8 2 1 6 .3 2 4 0 .9204 5 6 6 .0 84780 1 4 9 .8
2 3 . 6 .0 6 3 6 .4 6 4 0 .9 3 8 3 5 9 1 .0 90240 1 5 2 .8
2 4 . 6 .3 6 2 6 .5 9 1 0 .9 6 5 4 6 1 4 .0 96450 1 5 7 .2
2 5 . 6 .2 6 6 6 .5 2 5 0 .9 6 0 3 6 2 0 .0 94170 1 5 2 .0
2 6 . 6 .3 6 9 6 .6 0 0 0 .9651 6 2 7 .0 96810 1 5 4 .5
SERIES 3-BE1 . ( V e lo c i ty -2© f t / s e c .  )
1 . 0 .2 4 3 2 0 .4 8 8 8 0 .4 9 7 6 2 .1 274 1 3 0 .4
2 . 0 .5 2 5 4 1 .0 5 1 0 .5 0 0 3 5 .7 1273 2 2 3 .3
3 . 0 .8429 1 .679 0 .5 0 2 1 8 .2 3259 3 9 5 .5
4 . 0 .7 5 9 1 1 .5 0 2 0 .5056 1 2 .8 2625 2 0 5 .1
5 . 1 .2 2 3 2 .4 1 6 0 .5 0 5 8 1 3 .1 6805 5 2 0 .0
6 • 1 .5 0 3 2 .9 5 3 0 .5 0 8 8 1 7 .1 10220 5 9 7 .7
T A B L E .  4.2. (Continued)
SERIES 3-BE^• (C ontinned)
T e s t E I R
t
A t
i h
No. v o l t s am ps. ohms
0
F
JX
7 . 2 .1 9 1 4 .2 4 5 0 .5160 2 6 .7 21420 802
8 . 2 .596 4 .9 9 8 0 .5 1 9 4 3 1 .3 29880 995
9 . 3 .1 3 0 6 .036 0.5187 3 0 .3 43510 1436
1 0 . 3 .4 1 7 6 .5 8 2 0 .5192 3 1 .0 81780 1670
1 1 . 4 .3 8 1 5 .5 5 9 0 .7 8 8 1 3 9 0 .0 56100 1 4 3 .8
1 2 . 5 .1 0 2 5 .9 7 4 0 .8541 4 7 8 .0 70210 146 .9
1 3 . 5 .6 7 0 6 .3 3 6 0 .8 9 5 0 5 3 8 .0 82730 1 5 5 .4
1 4 . 6 .1 5 6 6 .5 1 0 0 .9456 5 6 1 .0 92300 1 6 4 .6
1 5 . 6 .8 4 1 6 .969 0 .9815 6 4 9 .0 109800 1 6 9 .2
1 6 . 7 .4 6 6 7 .4 6 6 1 .0 1 7 6 9 6 .0 126200 1 8 1 .4
s i m a 1-C E. ( V e lo c i ty -  1 f t / s e c . )
W ire d i a .  •  0 .005  i n . ;  l e n g th  « 9 .7 5  i n . ;  T e s t S e c t io n
« 6 .8 i n . ;  H eat T r a n s f e r  A rea  « 0 .000741  sq . f t .
**78.6 * 1 .9 4 0  ohms; Byg^g -  Rq 0 .4 1 4  ohms .
1 . 1 .1 3 5 7 0 .5827 1 .949 3 .1 3046 985
2 . 1 .9635 0 .9935 1 .977 1 2 .7 8980 707
3 . 1 .9 1 6 2 0 .9 7 0 0 1 .976 1 2 .3 697
4 . 2 .6 6 8 3 1 .3335 2 .0 0 1 2 0 .8 1 6 4 0 $ * 789
5 . 2 .7 9 1 3 1 .3 9 1 5 2 .006 2 2 .6 17880 791
6 . 2 .1 1 3 7 1 .0 6 2 5 1 .9 9 0 1 7 .1 10340 605
7 . 2 .9 3 7 2 1 .4 5 5 2 .0 1 9 2 7 .0 19710 730
8 . 2 .8 9 2 5 1 .4 3 6 2 .0 1 3 2 4 .9 19160 770
9 . 3 .9 9 2 3 1 .9 6 3 2 .0 3 5 3 2 .5 36130 1112
1 0 . 4 .0 0 4 5 1 .9 5 7 2 .047 3 6 .3 36120 995
1 1 . 3 .9 3 0 6 1 .9 2 4 2 .0 4 2 3 4 .8 34820 1001
1 2 . 5 .0 1 8 5 2 .4 5 7 2 .0 4 3 3 5 .2 56800 1612
1 3 . 5 .8 4 5 6 2 .8 3 5 2 .0 6 2 4 1 .7 76380 1832
1 4 . 5 .8 5 3 2 2 .8 3 9 2 .0 6 3 4 2 .0 76600 1824
1 5 . 5 .6 3 2 7 2 .7 4 6 2 .0 5 2 3 8 .3 71300 1863
C2CM3
T A B L E *  4.2. (Continued)
SERIES 2-CB. (Velocity - 2 ft/sec.)
Test
Ho.
E
V O l t s
I
amps.
s t
ohms
At
0
F
« A h
1 . 1.0548 0.5402 1.954 4 .8 2625 547
2 . 1.5750 0.8035 1.960 6.9 7255 1052
3 . 1.9106 0.9690 1.973 11.3 8532 755
4 . 2.7686 1.3900 1.998 , 17.8 17720. 995
5 . 3.0999 1.5395 2.014 25.3 21980 869
6 • 3.7263 1.8475 2.017 26.3 31710 1206
7 . 3.9786 1.9560 2.035 32.5 35850 1104
8 . 5.0884 2.4800 2.052 38.3 58100 1518
9 . 5.1143 2.5015 2.044 35.5 58970 1660
10. 5.8684 2.847 2.061 41.3 77020 1866
11. 5.9038 2.865 2.061 41.3 78000 1889
SERIES 3-CE. (V e lo c ity  - 2 .9  f t / s e c . )
1 . 6.8278 0.4236 1.956 5 .4 1616 299.4
2 . 0.8347 0.4276 1.953 4 .4 1646 379.1
3 . 0.9246 0.4735 1 .954 4 .8 2018 420.4
4 . 0.9259 0.4744 1.953 4 .4 2025 460.3
5 . £.8236 0.9275 1.966 8 .9 7800 876
a . 1.8336 0.9310 1.970 10.3 7870 764
7 . 2.8992 1.4542 1.993 18,1 19440 1074
8 . 3.2443 1*6160 2.007 22.9 2418 O t 1056
9 . 3.9551 1.9520 2.027 29.7 35560 1199
10 . 3.9756 1.9510 2.033 31.8 35750 1124
11 . 5.0155 2.4585 2.041 34,5 56800 1648
12. 5.0322 2.4650 2.042 34.8 57130 1644
13 . 5.1234 2.5035 2.047 34.6 59100 1614
14 . $.7939 8.81D 2.061 41.3 75000 1816
<J1 0 1 )
T A B L E ,  4 . 2 .  ( C o n t i n u e d )
SERIES l-C E ^ .  ( V e l o c i t y  -  1 f t / s e c . )
T e s t E I
Rt
A t q/A h
Ho. v o l t s am ps. ohms
0F
1 . 0 .9 7 a 0 0 .4 9 8 0 1 .9 5 3 4 .1 3230 544
a . a  .145 1 .0 8 0 1 .9 8 5 1 5 .4 106 20 690
3 . 3 .1 3 5 1 .5 4 0 3 .039 3 0 .4 22160 7294 . 4 .0 0 9 1 .9 5 3 3 .0 5 4 3 9 .0 36030 924
5 • 5 .1 7 6 3 .5 1 0 3 .0 6 3 41.7ri 59820 1435
6 . 5 .8 4 5 3 .8 3 3 3 .0 6 3 4 3 .0 76260 1815
7 . 5 .1 8 9 3 .5 0 0 3 .0 5 3 3 8 .3 59050 1543
8 . 4 .3 6 5 3 .0 8 5 3 .0 4 5 3 5 .9 40960 .  1141
9 . 3 .4 6 0 1 .3 3 1 1 .9 9 7 1 9 .5 1 3 9 4 0 w 715
SERIES 3-C E ^  . ( V e lo c i ty  -  3 f t / s e c . )
1 . 3 .0 1 5 1 .0 3 1 1 .9 7 3 1 0 .9 9469 868
a . 3 .9 6 7 $«££$ 3 .0 3 9 3 0 .4 35720 1176
3 . 5 .1 6 5 3 .5 3 3 3 .0 4 8 3 6 .9 59940 1624
4 . 5 .8 8 7 3 .8 6 6 3 .0 5 4 3 9 .0 77660 1992
5 . 5 .0 0 6 3 .4 4 1 3 .0 5 1 3 7 .9 56240 1484
6 . 3 .9 6 3 1 .9 4 5 3 .0 3 6 3 3 .8 35460 1082
7 . 3 .7 4 7 1 .3 7 5 1 .9 9 8 1 9 .8 % 879
8 . 3 .7 8 1 1 .8 6 4 3 .0 3 8 3 0 .1 32450 1079
9 . 3 .6 9 3 1 .3 4 8 1 .9 9 6 1 9 .1 16710 875
1 0 t 1 . 3 1 1 0 .6 6 7 3 1 .9 6 4 8 .3 4026 491
SER IES 3 - C ^ . ( V e lo c i ty  f t / s e c . )
“ I . i .o 6 2 0 .5 4 5 6 1 .9 3 8 4 .1 2642 6 4 4 .5
a . 3 .0 9 3 1 .0 5 9 1 .9 7 6 1 3 .3 10310 830
3 . 3 .0 0 9 1 .5 0 4 3 .0 0 1 3 0 .8 20830 1002
4 . 4 .4 3 3 3 .1 6 1 3 .0 4 6 3 6 .3 43980 1214
5 . 6 .1 7 9 3 .0 1 4 3 .0 4 9 3 7 .3 85740 2286
6 . 4 .9 8 3 3 .4 3 6 3 .0 4 6 3 6 .3 55890 . 1544
7 . 3 .3 3 1 1 .6 6 3 3 .0 0 3 3 1 .3 2 5 5 1 0 ^  1204
8 . 1 .9 6 3 0 .9 9 1 5 1 .9 8 0 1 3 .7 8962 6 5 4 .6
1 9 . 0 .5 6 8 0 0*3894 1 .3 6 3 7 .9 4927 6 2 4 .0
( 2 0 3 )
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In  ord er  to  f in d  th e  e f f e c t  o f  v a r io u s  v a r ia b le s  
on th e  r e l a t i o n s h i p  b etw een  h e a t - f l u x  and tem p era tu re  d rop , 
th e  r e s u l t s  w ere p lo t t e d  on l o g - l o g  p ap er in  s e v e r a l  ways*
The c u r v e s  in  F ig *  4 .1  w ere drawn f o r  th e  0 .0 2 "  D ia .  w ir e  f o r  
1 f t / s e c .  v e l o c i t y  f o r  th e  two l i q u i d s .  F or w a te r , r e s u l t s  
o b ta in e d  in  two d i f f e r e n t  s e r i e s  w ere u s e d , and th e  p o in t s  
w ere found  to  l i e  on two d i f f e r e n t  c u r v e s .  I t  i s  v e r y  proba­
b le  t h a t  th e  w ir e  w h ich  had b een  l y i n g  a s id e  f o r  some tim e  
b e fo r e  th e  r e p e a t  t e s t  was made, became co n ta m in a ted  somehow 
and, t h e r e f o r e ,  gave l e s s  f l u x  f o r  th e  same tem p . d r o p . T h is
r e s u l t  a g r e e s  q u a l i t a t i v e l y  w ith  th e  o b s e r v a t io n s  o f McAdams 
6
e t  a l  who found th a t  c o n ta m in a tio n  o f  th e  w ir e  s u r fa c e  s h i f ­
te d  th e  cu rv e  t o  th e  r i g h t .
The cu rve  f o r  e t h y l  a lc o h o l  w ith  c le a n  w ir e  i s  s t i l l  
more t o  th e  r ig h t  th an  th e  cu rv e  f o r  th e  co n ta m in a ted  w ir e  w ith  
w a te r , sh ow in g  th a t  un d er s im i la r  c o n d i t io n s  w a ter  g i v e s  a 
much h ig h e r  f l u x  th an  e t h y l  a l c o h o l .
W ith any g iv e n  l iq u id - w ir e  p a ir ,  v e l d o i t y  o f  th e  l i ­
q u id  p a r a l l e l  t o  th e  w ir e  d o e s  n o t  seem  to  have had any c o n s i ­
d e r a b le  e f f e c t  on th e  r e l a t i v e  p o s i t i o n s  o f  th e  c u r v e s  f o r  th e  
same l i q u i d  ( F i g .  4 . 2 ,  f o r  0 .0 1 "  D ia .  w ir e )#  F or w a te r  w ith
( 2 0  $)
FIG.  f y i i .  FLUX VS. TEMP. D R O P  F OR  WATER
TEMPERATURE DROP f * F , —►
P l a t e .  I V - I I .  G la ss -T u b e  w ith  P la tin u m  W ire.
<20fa)
th e  0*01" d ia *  w i r e ,  th e  c u rv e s  f o r  th e  h ig h e r  v e l o c i t i e s  
have a  s l i g h t  te n d e n c y  to  he s h i f t e d  to  th e  l e f t ,  w h e reas  f o r  
e t h y l  a lc o h o l  th e  e f f e c t  o f  v e l o c i t y ,  f o r  t h i s  same w i r e ,  i s  
a lm o s t i n a p p r e c i a b l e ,  a l th o u g h  th r e e  c u rv e s  have been  draw n 
f o r  th e  p o i n t s  c o r re s p o n d in g  to  th e  t h r e e  v e l o c i t i e s .  A t low  
and h ig h  v a lu e s  o f  A t ,  th e  c u rv e s  f o r  e ac h  l i q u i d  have  a  t e n ­
d en cy  to  m erge i n to  one a n o th e r  r e g a r d l e s s  o f  v e l o c i t y .  T hus, 
f o r  w a te r ,  th e  c u rv e s  a p p e a r  to  f a l l  i n to  one f o r  At below  5°
F and above 25 ° F . F o r e th y l  a lc o h o l  th e s e  l i m i t s  a p p e a r  to  
b .  15 °y and 35 ° F .
A l l  th e  r e s u l t s  f o r  each  l i q u i d  w ere now s e t  o u t on
a  s e p a r a te  g r a p h - p a p e r .  F i g s .  4 .1 1  and 4 .2 1 ,  show th e  r e s u l t s
on w a te r  and e th y l  a lc o h o l  r e s p e c t i v e l y .  I t  w i l l  be se e n  t h a t  
u p to  a  tem p , d ro p  o f a b o u t 25°F , th e  c u rv e  c o r re s p o n d in g  to  
a  s m a l le r  d i a .  o f  w ire  i s  s i t u a t e d  more t o  th e  l e f t .  Above 
A t o f  a b o u t 25°F , how ever, a l l  th e  c u rv e s  f o r  a  p a r t i c u l a r  l i ­
q u id , a p p ro a c h  o n e a n o th e r , r e g a r d l e s s  o f  l i q u i d  v e l o c i t y  and 
w ire  d ia m e te r .  In  th e  ran g e  o f  n u c le a te  b o i l i n g ,  t h i s  m erg ing  
i n t o  one a n o th e r  o f  th e  c u rv e s  f o r  th e  d i f f e r e n t  w i r e s ,  i s  
v e r y  d i s t i n c t  in  th e  c a se  o f e th y l  a l c o h o l .  T hus, so  f a r  a s  
th e  e f f e c t  o f  w ire  d i a .  i s  c o n c e rn e d , th e  p r e s e n t  r e s u l t s  a g re e  
c l o s e l y  w i th  th o s e  o f  McAdams a t  a l .
I n  th e  ra n g e  o f F ilm  b o i l i n g ,  th e  p o i n t s  f o r  two
d i f f e r e n t  v e l o c i t i e s  f o r  th e  same l i q u i d - w i r e  p a i r  l i e  . c l o s e -
F L U X  *1 0
(J io a )
l y  on th e  same c u rv e .  T h ree  p o in t s  f o r  e th y l  a lc o h o l  l i e  b e t ­
ween th e  c u rv e s  f o r  t r u e  f i lm  b o i l i n g  and n u c le a te  b o i l i n g .  
T h e ir  i r r e g u l a r  d i s p o s i t i o n  may be due to  e r r o r s  in  m easurem ent 
w h ich  was u n a v o id a b le  c o n s id e r in g  th e  i r r e g u l a r  b o i l i n g  t h a t  
c h a r a c t e r i s e s  t h i s  r e g io n .
The n a tu r e  o f  th e  c u rv e  in  th e  ran g e  o f  f i lm  b o i l i n g ,  
and f o r  h ig h  v a lu e s  o f  te m p e ra tu re  d ro p  in  th e  ran g e  o f n u c le ­
a t e  b o i l i n g ,  i s  th e  same a s  g e n e r a l l y  a c c e p te d .  However, a t  
low v a lu e s  o f  tem p, d ro p  w e l l  w i th in  th e  n u c le a te  r a n g e ,  th e  
c u rv e s  a r e  somewhat more to  th e  l e f t  th a n  th o s e  o b ta in e d  b y  
MaAdams e t  a l 6 . T hese a u th o r s  fo und  t h a t  I h e  f l u x  i n  t h i s  
r e g io n  was o f  th e  same o rd d r  a s  t h a t  f o r  s im p le  h e a t in g  o f 
f l u i d s  b y  n a t u r a l  c o n v e c t io n .  O b v io u s ly , th e  f o r c e d - c i r c u l a -  
t i o n  o f  th e  l i q u i d  in  th e  p r e s e n t  i n v e s t i g a t i o n s ,  m ark e d ly  
r a i s e d  th e  f l u x  in  t h i s  r e g io n .  In  ag reem en t w ith  th e  o b s e r ­
v a t i o n s  o f  th e s e  a u th o r s ,  th e  w ire  Idiam eter seem s to  have had  
c o n s id e r a b le  e f f e c t  on f l u x  f o r  v a lu e s  o f  te m p e ra tu re  d ro p  
b e lo w  a b o u t 2 5 °F , th e  f l u x  r i s i n g  w i th  d e c r e a s in g  w iro  d i a .
F o r  th e  same w i r e ,  th e  c u rv e s  f o r  w a te r  a r e  s i t u a t e d  h ig h e r  
th a n  th o s e  f o r  e t h y l  a l c o h o l .
The s u p e r h e a t in g  o b se rv e d  h e re  c o rre s p o n d s  to  th e  
s u p e r h e a t in g  o f  l i q u i d s  in  a  v e r t i c a l  tu b e  e v a p o r a to r .  W ith 
th e  l i q u i d  m oving £ t  a  f a s t  r a t e ,  th e  f r i c t i o n  head  seem s to  
p re v e n t  i t  from  b o i l i n g  below  a  c e r t a i n  minimum f l u x  ( c o r r e s -
a w )
p o n d in g  to  w h ich , t h e r e f o r e ,  th e r e  i s  a  minimum temp# d ro p )#  
McAdams e t  a l^  o b se rv ed  t h a t  a t  low v a lu e s  o f tem p , d ro p , bub­
b l e s  form ed o n ly  on th e  s u r f a c e  o f th e  # o o l o f w a te r  and n o t  
on th e  w ire#  In  th e  p r e s e n t  c a se  t h i s  a c t i o n  m ig h t have  b een  
augm ented  b y  th e  e f f e c t  o f f r i c t i o n  h e a d , w ith  th e  r e s u l t  
t h a t  th e  minimum v a lu e s  o f  temp# d ro p  f o r  th e  fo rm a tio n  of 
v i s i b l e  b u b b le s  on th e  s u r f a c e  o f  th e  w ire  ran g e d  from  10°F 
to  S 5°F , d e p e n d in g  upon  th e  n a tu r e  o f  th e  l i q u i d ,  i t s  v e lo ­
c i t y  and  th e  diam eter o f  th e  w ire#
C H A P T E R .  V
SOME PHYSICAL PROPERTIES OF ETHYL ALCOHOL AM) 
TOLUENE USED IN THE PREYTOUg HHAPTlERg.
CHAPTBH Y .
The p r e s e n t  c h a p te r  d e a l s  w ith  th e  d e te rm in a ­
t i o n  o f  some o f th e  p h y s ic a l  p r o p e r t i e s  o f th e  l i q u i d s  
u se d  in  th e  t e s t s  in  th e  p re v io u s  c h a p te r s *
LATJBNT b e a t s  of v a p o r i s a t i o n  of b t e i l  a lc o h o l
M L  TOLUENE.
The wori: on h e a t  t r a n s f e r  t o  b o i l i n g  to lu e n e  
and 9 5 . 6 % e t h y l  a lc o h o l  n e c e s s i t a t e d  a  know ledge o f  t h e i r  
l a t e n t  h e a t s  o f  v a p o r i s a t i o n  over a ra n g e  o f  low p r e s s u r e s .  
The a v a i l a b l e  d a ta  on e t h y l  a lc o h o l  w ere  i n v a r i a b l y  
f o r  th e  p u re  l i q u i d  * • In  th e  c a se  o f to lu e n e  no d a ta
w ere a v a i l a b l e  f o r  i t s  lam en t h e a t  a t  low  p r e s s u r e s .
To d e te rm in e  t h i s  e x p e r im e n ta l ly ,  t h e r e f o r e ,  a  
c o n d e n s a t io n  ty p e  o f  a p p a r a tu s  was d e s ig n e d  and was fo u n d  
to  b e  u n s a t i s f a c t o r y .  O th e r e x p e r im e n te r s ,  u s in g  a c a lo ­
r im e te r  t o  m easu re  th e  h e a t  e v o lv e d  d u r in g  c o n d e n s a t io n  o r 
a b so rb e d  dn&Ang e v a p o r a t io n ,  had a l s o  o b ta in e d  d is c o n c o r -
d a n t  r e s u l t s .  S e a rc h  was th e n  made f o r  a  more r e l i a b l e
63m eth o d . M a rs h a ll  and Hamsay u s in g  an  e l e c t r i c a l  ap p a ­
r a t u s  com pared th e  h e a t s  o f e v a p o r a t io n  o f two l i q u i d s ,  
one known and th e  o th e r  u n inow n . The a p p a r a tu s  u se d  b y
(W )
61T y re r  ,  on th e  one hand , and b y  F io c k , G in n in g s  and H o l- 
64
to n  , on th e  o th e r ,  w ere to o  e l a b o r a t e .  C o n se q u e n tly , i t  
was d e c id e d  to  a d o p t J .C .B ro w n ’ s ^  a p p a r a tu s  to  th e  p r e ­
s e n t  u s e .  W ith  t h i s  e l e c t r i c a l  ty p e  a p p a ra tu s  f a i r l y  s a ­
t i s f a c t o r y  r e s u l t s  have b een  o b ta in e d .
A . THB CQNDBNSATIQN TYPE APPARATUS.
T h is  i s  shown in  F i g . 5 .1 .  The c a lo r im e te r  c o n s i s t e d  
o f t h r e e  p o l is h e d  a lum in ium  v e s s e l s  s i t t i n g  one in s id e  th e  o th e r , 
th e  sp a c e  b e tw een  th e  in n e rm o s t and th e  m id d le  one b e in g  f i l l e d  
w ith  a s b e s to s  w ool and t h a t  be tw een  th e  m id d le  and th e  o u te rm o s t 
ones w i th  . The o u te rm o s t v e s s e l  was c o v e re d  w i th
t h i c k  f e l t .  The c o n d e n s a t io n  g l a s s  b u lb  was ab o u t 1 2 0 c .c .  in  
c a p a c i ty .  The c a lo r im e te r  l i q u i d  was th o ro u g h ly  s t i r r e d  b y  a 
m o to r -d r iv e n  s t i r r e r  and te m p e ra tu re s  w ere re a d  b y  a  Beckmann 
th e rm o m e te r . . The v a p o u rs  from  th e  b o i l e r  c o u ld  e i t h e r  be made 
t o  b y e -p a s s  th e  c a l o r im e te r ,  b y  m a n ip u la t io n g  th e  s to p - c o c k s ,  
and Yg , o r  e l s e  th e y  c o u ld  be le d  i n to  th e  c o n d e n s a t io n  
b u lb .  To p r e v e n t  c o n d e n s a t io n  o f v a p o u rs  b e fo r e  e n t e r in g  th e  
c a lo r im e te r ,  a  c o i l  o f  e l e c t r i c a l l y  h e a te d  w ire  was p la c e d  
round  th e  i n l e t  t u b e .
BBBSSUBB GONTBOL:-
The p r e s s u r e  in  th e  sy s tem  was m a in ta in e d  
b y  m eans o f a  vacuum pump c o n n e c te d  to  i t  th ro u g h  p r e s s u r e  r e ­
g u l a t i n g  d e v ic e s .  The p r e s s u r e  was p r i m a r i l y  c o n t r o l l e d  b y
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m a n ip u la t in g  a  h a n d -o p e r a te d  v a lv e  and n o t i n g  th e  l e v e l  o f  mer­
c u ry  i n  th e  m anom eter+ F o r  a more a c c u r a t e  c o n t r o l  o f  p r e s s u r e
i n s i d e  th e  sy s tem  an. A u tom atic  C o n t ro l  -  an e l e c t r i c a l  d e v ic e
54d e s c r i b e d  b y  C ru d e r  and F in a lb o r g o  -  was a l s o  u s e d .  I t  i s  
shown d i a g r a m a t i c a l l y  i n  F i g .  5 .1 1  ( s e e  a l s o  P l a t e  V -  I ) .  I t  
was made o f  g l a s s ,  w i th  Hg i n  th e  U-bend and had two P t  l e a d s  
f u s e d  t o  i t .  I t  d epends f o r  i t s  p e rfo rm an c e  upon th e  re s p o n s e  
o f  th e  a i r  i n  th e  l e f t  lim b to  th e  f l u c t u a t i o n s  o f  p r e s s u r e  i n  
th e  s y s te m . N o rm ally ,  th e  n a rro w  n o z z le  ( a b o u t  0 .5  m m . i .d . )  
rem a ined  c lo s e d  b y  th e  l e v e r  w hich  was o p e r a te d  b y  an e l e c t r o -
fhCUMA
m ag n e t.  The e le c t r o m a g n e t  was o p e ra te d  d i r e c t l y  from  250 V /by  
i n c l u d i n g  3 - 1 5  w a t t  lam ps i n  s e r i e s  and a  1 jaF c o n d e n se r  i n  
p a r a l l e l .  When th e  p r e s s u r e  i n  t h e  sy s tem  f e l l ,  t h e  m erc u ry  
moved up i n  th e  r i g h t  l im b ,  co m p le ted  th e  c i r c u i t ,  and r e l e a s e d  
a i r  i n t o  t h e  sy s tem  t i l l  t h e  p r e s s u r e  was r e s t o r e d ,  when th e  
m e rc u ry  moved down and b ro k e  th e  c i r c u i t .  A l a r g e  a s p i r a t o r  
i n c lu d e d  in jthe  a sse m b ly  s e rv e d  a s  a  b a l a n c i n g  u n i t .
To o b t a i n  th e  d e s i r e d  p r e s s u r e  i n  th e  sy s te m , t h e  
vacuum pump was s t a r t e d  and th e  s to p - o o c k  o f  th e  a u to m a t ic  con­
t r o l  was op en ed . The h a n d - o p e r a te d  v a lv e  was c a r e f u l l y  m anipu­
l a t e d  so  t h a t  th e  d e s i r e d  p r e s s u r e  was e s t a b l i s h e d .  The s t o p ­
c o ck  o f  t h e  a u to m a t ic  c o n t r o l  was now c lo s e d ,  t h u s  s e g r e g a t i n g  
th e  a i r  i n  th e  l e f t  l im b ,  a f t e r  w hich  th e  p r e s s u r e  was a u t o ­
m a t i c a l l y  m a in t a in e d ,  so  t h a t  t h e r e  was n c h r i s ib le  movement o f
C m )
Fig. N o . S - l i  A u t o m a t i c  Pr e s s u r e Contrqw„
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th e  m e rc u ry  l e v e l  i n  th e  m anom eter, s u g g e s t i n g  a v a r i a t i o n  o f  
l e s s  th a n  *  0 .1  mm. Hg.
BOERIMSNTAL PROCEDURE; -
D u rin g  th e  a d m is s io n  a f  v a p o u r  i n t o  
th e  c a l o r i m e t e r  b u lb ,  th e  c o i l  a ro n in d  th e  i n l e t  tu b e  was 
k e p t  h e a te d  b y  c u r r e n t  from  th e  m ains th ro u g h  a  v a r i a b l e  r e ­
s i s t a n c e  whose m ag n itude  was f i x e d  by  a  p r e l i m i n a r y  e x p e r i ­
ment i n  w hich  such  a minimum c u r r e n t  was p a s s e d  th ro u g h  th e  
c o i l  t h a t  on op en in g  th e  s to p -c feck , Yg, and c l o s i n g  Y^, no  
v a p o u r  was se e n  t o  condense  im m e d ia te ly  b e f o r e  e n t e r i n g  th e  
c a l o r i m e t e r .
The c a lo r im e te r  c o n ta in e d  1500  c . c .  o f  w a te r .  The 
b u lb  was f i r s t  w eigh ed  and th en  th e  a p p a ra tu s  a s se m b le d . The 
vacuum pump was s t a r t e d  and th e  d e s ir e d  p r e s s u r e  e s t a b l i s h e d  
in  th e  s y s te m . The c u r r e n t  in  th e  h e a t in g  c o i l  was now 
sw itc h e d  o n . The l i q u i d  was s e t  b o i l i n g ,  v a lv e  Y^ opened  
and Y c lo s e d  and th e  s t i r r e r  s t a r t e d .  In  th e  m eantim e, th e  
r e g u la r  r i s e  or f a l l  o f  th e  tm p era tu re  o f  th e  c a lo r im e te r  
was o b se r v e d . Y a lv e  Yg was now opened and Y^ c lo s e d  and th e  
vapour a d m itted  i n t o  th e  c a lo r im e te r  f o r  some t im e . Y-^  was 
now opened and Yg c lo s e d  and th e  maximum tem p era tu re  o f  th e  
c a lo r im e te r  and th e  f i n a l  r e g u la r  r a t e  o f  f a l l  o f  th e  c a lo ­
r im e te r  tem p era tu re  n o t e d .  The b u lb  was w eig h ed  a g a in .
CALCULATIONS^-
The l a t e n t  h e a t  was fo u nd  from  th e  f o l l o w in g
r e l a t i o n s h i p
w =• W eight o f  v a p o u r  c o n d en sed ;
I  & L a te n t  h e a t  o f  v a p o r i s a t i o n ;
IPs '""'A A verage s p e c i f i c  h e a t  o f th e  l i q u i d  i n  th e  
r a n g e ,  T i  t o  Tg;
T^= Temp, o f  v a p o u r ;
P i n a l  Temp, o f  c a l o r i m e t e r ;  and 
At= C o r r e c te d  r i s e  o f  tem p, o f  c a l o r i m e t e r ;
E = E q u iv a le n t  o f  th e  C a lo r im e te r  ( w i th  1500 c . c .
w a t e r ) .
The t e m p e r a tu r e  r i s e  was c o r r e c t e d  f o r  r a d i a t i o n  and s i m i l a r  
e f f e c t s  i n  th e  u s u a l  way.
W ater  E q u iv a le n t  o f  t h e  C a lo r im e te r
The c a l o r i m e t e r  con­
t a i n e d  1500 c . c .  o f  d i s t i l l e d  w a t e r .  The e q u i v a l e n t  was 
fou nd  b y  two m e th o d s , ( l )  U s ing  Steam ;
* 3 p .  H eat o f  T o luene  was t a k e n  from  th e  nomograph i n  R e f .3 ,  
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where
( s )  n Hot W ater a t  known tem p.
c m )
Good ag reem e t was o b ta in e d  b e tw een  th e  r e s u l t s  o b ta in e d  b y  
th e  two m e th o d s .  These a r e  s e t  ou t  i n  T ab le  5 . 1 .
L a t e n t  S e a t  o f  T o lu e n e : -
O nly some o f  th e  r e s u l t s  o b ta in e d  w i th  
t h i s  l i q u i d  a r e  g iv e n  in  T ab le  5 .1 1  t o  show how th e  r e s u l t s  
y a r i e d  w i d e ly  even  a t  th e  same p r e s s u r e .  W ith  t o lu e n e  i t  
was a lm o s t  im p o s s ib le  t o  send  j u s t  th e  r i g h t  amount o f  c u r ­
r e n t  th ro u g h  th e  h e a t i n g  c o i l  t o  p r e v e n t  c o n d e n s a t io n  and 
y e t  n o t  t o  i n t r o d u c e  any  s u p e r h e a t  i n t o  th e  v a p o u r .  At low 
p r e s s u r e s ,  a  secon d  d i f f i c u l t y  was e n c o u n te r e d ,  v i z . ,  some 
o f  t h e  v a p o u r  rem a in ed  unco ndensed  i n  th e  b u lb  and e sc a p e d  
th ro u g h  th e  o u t l e t  tu b e  i n t o  th e  c o n d e n s e r  and r e c e i v e r  a t ­
t a c h e d  t o  th e  o u t l e t  t o  th e  b u l b .  I n  so  d o in g  i t  p a r t l y  
c o n d en sed  on th e  o u t l e t  tu b e  and d r a in e d  b a c k  i n t o  th e  b u l b .  
T h is  d i f f i c u l t y  c o u ld  have b e en  a v o id e d  b y  u s i n g  a  m e ta l  
b u lb  o f  good c o n d u c t i v i t y .  One w ou ld , how ever, s t i l l  be  
l e f t  w i th  t h e  f i r s t  s o u rc e  o f  e r r o r ,  and t h e r e f o r e ,  t h i s  
a p p a r a t u s  was ab an d o n ed .
C m ) *
B. SLBQTRIGAL TYBR APPARATUS .
As th e  c o n d e n s a t io n  sy s tem  had f a i l e d ,  th e  e l e c ­
t r i c a l  a p p a r a t u s  shown i n  P i g . 5 .2  was c o n s t r u c t e d .  I t  con­
s i s t e d  o f  a  T e s t  Tube, A, a b o u t  4J- i n .  lo n g  b y  -§ i n .  o . d . ,  
i n  w hich  th e  e x p e r im e n ta l  l i q u i d  was b o i l e d  b y  e l e c t r i c a l  
e n e r g y  w h i le  s u r ro u n d e d  b y  i t s  own s a t u r a t e d  v a p o u r s ,  so 
t h a t  o n ly  th e  l a t e n t  h e a t  had t o  be s u p p l i e d  to  c au se  i t  t o  
b o i l .  Two l e a d s  f u s e d  i n t o  th e  tu b e  c a r r i e d  a  c o i l  o f  0 .00 4  
i n .  d i a .  P t  w i r e .  The l e a d s  d ip p ed  i n t o  p o o ls  o f Eg k e p t  
i n  th e  c u rv e d  s i d e - t u b e s  o f  th e  n e c k  o f  a  250 c . c .  Round- 
Bottom  f l a s k ,  t o  w hich  a  cap  w i th  a  g r o u n d - g l a s s  j o i n t  and 
a  s i d e - t u b e  f i t t e d .  A t h i c k  w roug h t i r o n  l e a d ,  p a s s i n g  
th ro u g h  a  r u b b e r  bung f i t t e d  t o  each  o f  th e  s i d e - t u b e s ,  and 
d i p p in g  i n t o  th e  p o o l s  o f  Eg, a l lo w e d  e l e c t r i c a l  c o n n e c t io n s  
t o  b e  made t o  a v o l t m e t e r ,  on th e  one han d , and t o  a  b a t t e r y  
an  a d j u s t a b l e  r e s i s t a n c e  and an am m eter, on th e  o t h e r .  The 
cap  was c o n n e c te d  t o  a  c o n d e n se r  and r e c e i v e r .  The p r e s ­
s u r e  i n  th e  sy s tem  c o u ld  be m a in ta in e d  a t  th e  r e q u i r e d  l e ­
v e l  b y  th e  c o n t r o l  d e v ic e s  a l r e a d y  d e s c r i b e d  i n  th e  p r e ­
v io u s  s e c t i o n .  A n a r ro w  tu b e  p a s s i n g  th ro u g h  each  o f  th e  
r u b b e r  b ung s  and com m unica ting  w i th  t h e  a i r  gap above th e  
p o o l  o f  Hg i n  t h e  s i d e - t u b e s ,  was a l s o  c o n n e c te d  t o  th e  v a ­
cuum l i n e  th ro u g h  a  T - t u b e .  A l a r g e  q u a n t i t y  o f  g l a s s - b e a d s  
was p l a c e d  i n  th e  b o i l i n g  f l a s k  t o  p r e v e n t  bumping and i t
LZ-1T J
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was h e a te d  d i r e c t l y  by  a  lew  f lam e  th ro u g h  s e v e r a l  t h i c k n e s -  
s e s  o f  a s b e s t o s  p a p e r .  T h is  was fo u n d  t o  be more s a t i s f a c ­
t o r y  th a n  th e  u se  o f  a  l i q u i d  b a t h .  The h e a t i n g  c o i l  o f  
th e  T e s t  Tube was c o a te d  w i t h  f i n e l y - d i v i d e d  P t  b y  r e p e a t e d ­
l y  d ip p in g  i n t o  a  s t r o n g  s o l u t i o n  o f  P tG l^  and h e a t i n g  e l e c ­
t r i c a l l y  t o  r e d  h e a t .  The l e a d s  t o  th e  h e a t i n g  c o i l  were
0 .0 2  i n .  d i a .  P t  w i r e .
EXPERIMENTAL PROCEDURE
A s u i t a b l e  amount o f  l i q u i d  was 
t a k e n  i n  "A” and th e  tu b e  w eighed  w i th  i t s  c o n t e n t s  (W^).
The a p p a r a t u s  was a ssem b led  and th e  d e s i r e d  p r e s s u r e  e s t a ­
b l i s h e d .  H e a t in g  o f  t h e  f l a s k  was t h e n  begun and th e  l i ­
q u id  i n  th e  tu b e  h e a te d  i n  th e  v ap o u r  f o r  20 m in .  The ex ­
p e r im e n t  was now i n t e r r u p t e d  and th e  l i q u i d  a l lo w e d  t o  c o o l .  
The t e s t - t u b e  was w e ighed  a g a in  (Wg). The d i f f e r e n c e  b e t ­
ween th e s e  two w e ig h ts  gave th e  I n i t i a l  Loss o f  W eig h t,
(W^ -  Wg), on h e a t i n g  th e  l i q u i d  f o r  20 m in . The a p p a r a t u s  
was a sse m b le d  a g a in ,  vacuum e s t a b l i s h e d  and th e  l i q u i d  i n  
th e  f l a s k  s e t  b o i l i n g  t i l l  some of i t  d i s t i l l e d  o v e r .  The 
c u r r e n t  was now s w itc h e d  on th ro u g h  th e  h e a t i n g  c o i l  and 
r e a d i n g s  o f  th e  v o l t m e t e r  and  th e  ammeter t a k e n  e v e r y  m in u te .  
A f t e r  some m in u te s  th e  c u r r e n t  was sv / i tc h e d  o f f ,  th e  t im e  
n o t e d ,  and th e  t e s t - t u b e  w eighed  a g a in  a f t e r  c o o l i n g  (W gj.
(9-24)
(Wg -  W3 ) c o n s t i t u t e d  th e  f i n a l  l o s s  o f  w e ig h t .  The a c t u a l
*
l o s s  o f  w e ig h t  c au se d  by  th e  e l e c t r i c a l  e n e rg y  was found  by  
c o r r e c t i n g  th e  seco n d  l o s s  o f  w e ig h t  f i g u r e  from  th e  d a t a  
o f  th e  f i r s t  p e r i o d .
RESULTS
The f o l l o w in g  l i q u i d s  have b e en  u s e d : -
(1 )  Benzene -  T ab le  5 .2 ;  a tm o s p h e r ic  p r e s s u r e  o n ly ;
( 2 )  E th y l  A lc o h o l ,  9 5 .6 $  b y  w e ig h t  -  T ab le  5 .2 1 ;
( 3 )  T o luene  -  T ab le  5 .2 2 .
The p r e s s u r e s  i n  th e  l a s t  two c a s e s  ran g e  from  a tm o s p h e r ic  
downw ards. The d e t e r m i n a t i o n s  on b e n ze n e  were made i n  o r d e r  
t o  t e s t  th e  p e rfo rm an c e  o f  th e  a p p a r a t u s .  These r e s u l t s  a g re e
c l o s e l y  w i th  th e  v a lu e ,  9 4 .3 4  c a l s / g m . ,  g iv e n  b y  M atthew s e t
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In  th e  above d e t e r m i n a t i o n s  o f  l a t e n t  h e a t s  i t  was 
o n ly  p o s s i b l e  t o  n o t e  th e  p r e s s u r e  u n d e r  w h ich  th e  t e s t  was 
c a r r i e d  o u t .  To be a b le  t o  c o r r e l a t e  l a t e n t  h e a t  w i th  b o i l ­
in g  p o i n t ,  i t  was n e c e s s a r y  to  f i n d  th e  v a p o u r  p r e s s u r e -
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t e m p e ra tu re  c u rv e s  f o r  th e  two l i q u d s .
T h is  d e t e r m i n a t i o n  was made by  a t t a c h i n g  a r e f l u x  
c o n d e n s e r ,  th ro u g h  a c o rk ,  t o  a  1 - l i t r e  b o i l i n g  f l a s k  and 
c o n n e c t in g  th e  to p  o f  th e  c o n d e n se r  t o  th e  p r e s s u r e  m a in te ­
nance  sy s te m . A  c a l i b r a t e d  the rm om eter  p a s s e d  th ro u g h  th e  
c o rk  f i t t e d  t o  th e  mouth o f  th e  f l a s k .  The l i q u i d  was made, 
t o  b o i l  f a i r l y  vigot'auLsly u n d e r  v a r i o u s  p r e s s u r e s ,  and 
th e  b o i l i n g  p o i n t s  and th e  c o r r e s p o n d in g  p r e s s u r e s  n o t e d .
The r e s u t s  a r e  g iv e n  i n  T a b le s  5 .3  and 5 .3 1 ,  f o r  e t h y l  a l ­
c o h o l  and t o l u e n e ,  r e s p e c t i v e l y .
A cu rv e  was th e n  p l o t t e d  f o r  b o i l i n g  p o i n t  v s .  
p r e s s u r e  f o r  each  l i q u i d  ( F i g s .  5 .3 1  and 5 .3 3 ,  r e s p e c t i v e l y ) .  
F o r  t o l u e n e ,  th e  v ap o u r  p r e s s u r e  d a t a  g iv e n  i n  Ref. 67 , Page 
383 , were a l s o  p l o t t e d  a lo n g  w i th  th e  p r e s e n t  d a t a  and  th e  
p o i n t s  a r e  fo und  to  l i e  on th e  same c u rv e  ( F i g .  5 . 2 3 ) f  show­
in g  th e  c lo s e  ag reem en t b e tw ee n  th e  tw o . I t  was fo u n d  t h a t  
B .P .  o f  Et.OH ( 9 5 .6 $ )  a t  760mm. P r e s s u r e  « 7 8 .5 °C .
•  n * T o luene  " " «  1 1 0 .5°C .
P l § t e .  V—I .  A u to m atic  P r e s s u r e  C o n t r o l .
P l a t e .  V - I I .  E l e c t r i c a l  A p p a ra tu s  f o r  L a t e n t  H e a t .
C aat)
COBBBLATIOH OF BOILIMS POIfflT AKJ3 LATBM? hbat
W ith  th e  h e lp  o f  t h e s e  p l o t s  o f B .P # v s .  P r e s s u r e  
th e  t e m p e r a tu r e s  c o r r e s p o n d in g  to  t h e  p r e s s u r e s  u n d e r  w hich  
t h e  l a t e n t  h e a t  d e t e r m i n a t i o n s  were made, c o u ld  he r e a d  o u t .
A p l o t  o f  L a t e n t  Heat v s .  T em p era tu re  was now made f u r  b o th  
th e  l i q u i d s .  These p l o t s  a r e  shown i n  P i g s .  5 .3  and 5 .3 1 ,  
r e s p e c t i v e l y .
60S in c e  th e s e  d e t e r m i n a t i o n s  w ere  made, Hagenmacher
p u b l i s h e d  c a l c u l a t e d  v a lu e s  o f  t h e  L a te n t  H eat o f  T oluene
a t  v a r i o u s  t e m p e r a t u r e s ,  b a s e d  on th e  v ap o u r  p r e s s u r e  d a t a
65of W ill in g h a m  e t  a l  • The p r e s e n t  r e s u l t s  on to lu e n e  and 
th o s e  g iv e n  b y  Hagenmacher w ere b o th  p l o t t e d  t o g e t h e r  on th e  
same c o o r d i n a t e s .  B oth  s e t s  o f  v a lu e s  a r e  fo und  t o  l iw  on 
th e  same c u rv e .
Prom th e s e  p l o t s  t h e  l a t e n t  h e a t  o f  t o lu e n e  a t  a t ­
m o sp h e r ic  p r e s s u r e  i s  fo u n d  t o  be
* 8 6 .1  c a l s / g m . ,
and t h a t  o f  9 5 .6 $  e t h y l  a l c o h o l
»  2 2 3 .5  c a l s /g m .
go
The v a lu e  g iv e n  b y  Brown f o r  p u re  e t h y l  a l c o h o l  i s  2 1 6 .4  
c a l s .  p e r  gm.
ACCURACY OP RBSULTS
The m easurem ent o f  c u r r e n t  s t r e n g t h  
c o u ld  be s e c u r e d  to  w i t h i n  0 .2 $  and t h a t  o f  w e ig h t  was so
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a c c u r a t e  a s  t o  make any  e r r o r s  n e g l i g i b l e .  However, t h e  v o l ­
t a g e  m easurem ent was n o t  so  a c c u r a t e  and e r r o r s  m igh t have  
am ounted t o  -  1 $ .  The i n d i v i d u a l  r e s u l t s  may, t h e r e f o r e ,  
v a r y  b y  a s  much a s  ^  1 .2 $ ,  b u t  th e  p ro b a b le  e r r o r  sh o u ld  n o t  
be  more th a n  0 .5 $ .
OBSSHYATIOHS OH BOILIHG.
D u r in g  t h e s e  i n v e s t i g a t i o n s  some i n t e r e s t i n g  ob­
s e r v a t i o n s  were made on b o i l i n g .  To o b ta in  a smooth b o i l i n g  
in  th e  b o i l i n g  f l a s k ,  p o ro u s  p o r c e l a i n  p i e c e s ,  g l a s s - w o o l ,  
and g l a s s  b e a d s  were t r i e d .  I t  was found  t h a t  a  t h i c k  bed  
o f  g l a s s  b e a d s  gave a s  good a r e s u l t  a s  an y  o f  th e  o t h e r  two 
o r  even b e t t e r .  When th e  b e a d s  w ere f r e s h l y  added t h e y  i n i ­
t i a t e d  b o i l i n g  w i th o u t  much d i f f i c u l t y  even  a t  low p r e s s u r e s ;  
b u t ,  i f  t h e  l i q u i d  was b o i l d d  f o r  some t im e  u n d e r  vacuum, a l ­
lowed t o  c o o l  and th e n  r e h e a t e d  u n d e r  vacuum, t h e r e  was a  
t e n d e n c y  t o  bump. G re a t  c a r e  was n e c e s s a r y ,  t h e r e f o r e ,  in  
i n i t i a t i n g  b o i l i n g  u n d e r  vacuum. The l i q u i d  had t o  be h e a t ­
ed v e r y  s lo w ly  and c a u t i o u s l y  and when i t  was f e l t  t h a t  i t  KaAj 
r e a c h e d  i t s  b o i l i n g  p o i n t ,  a j l i t t l e  s t r o n g e r  h e a t  was a p p l i e d  
t o  a p o i n t  n e a r  th e  edge o f  t h e  g l a s s - b e a d  bed  when b u b b le  
f o r m a t io n  u s u a l l y  o c c u re d ,  and once begun , c o n t in u e d  more o r  
l e s s  sm o o th ly .  I f ,  by  c h a n c e ,  some m e rc u ry  f e l l  o v e r  th e  bed
(2.30)
o f  g l a s s  b e a d s ,  i t  c au sed  s e r i o u s  bum ping.
The b o i l i n g  o f  th e  l i q u i d  o v er  t h e  h e a t i n g  c o i l  i n  
t h e  t e s t - t u b e  p r e s e n t e d  a  d i f f i c u l t  p ro b le m . Y/hen f r e s h  P t  
w i r e  was u se d  i t  gave smooth b o i l i n g  f o r  some t im e  b u t  q u ic k ­
l y  became i n a c t i v e  w i t h i n  a  few t e s t s .  T here  w as, now a 
g r e a t  te n d e n c y  f o r  th e  l i q u i d  t o  s u p e r h e a t  and bump. V a r io u s  
a i d s  l i k e  s m a l l  g l a s s  b e a d s ,  s m a l l  p i e c e s  o f  p o ro u s  p o r c e l a i n ,  
powdered p o r c e l a i n  and g la s s - w o o l  w ere a l l  t r i e d  w i th o u t  a -  
v a i l ,  i f  th e  P t  w i re  had i t s e l f  become i n a c t i v e .
T h is  l e d  t o  th e  c o n c lu s io n  t h a t  i t  wa$ th e  c o n d i ­
t i o n  o f  th e  h e a te d  w ire  i t s e l f  t h a t  m a t t e r e d .  C o n se q u e n t ly ,  
i t s  s u r f a c e  was f i r s t  c o a te d  w i th  c a rb o n  b y  m aking  i t  glow 
i n  t h e  v a p o u r  o f  to lu e n e  when the. l a t t e r  u n d e rw en t th e rm a l  d e ­
c o m p o s i t io n  and d e p o s i t e d  c a rb o n  on th e  w i r e .  T h is  c a rb o n -  
c o a te d  w i r e  was f a i r l y  e f f e c t i v e  a t  a tm o s p h e r ic  p r e s s u r e s ,  
b u t  i t s  a c t i v i t y  q u i c k l y  f e l l  d u r in g  t e s t s  u n d e r  vacuum.
U l t i m a t e l y ,  a  c o a t i n g  o f  f i n e l y - d i v i d e d  P t  on th e  
w i r e  was t t i e d .  T h is  was o b ta in e d  b y  s o a k in g  th e  c o i l  i n  a  
c o n c e n t r a t e d  s o l u t i o n  of P tC l^  and p a s s i n g  s u f f i c i e n t  c u r r e n t  
t o  make i t  g low . T h is  P t - c o v e r e d  w ire  p ro v ed  most e f f e c t i v e .  
I t  was n e c e s s a r y ,  how ever, t o  renew th e  c o a t i n g  a t  i n t e r v a l s .
When th e  w i r e  -  w h e th e r  c o a te d  o r  u n c o a te d  -  had 
become i n a c t i v e ,  i t  was fou nd  t h a t  even  when th e  b o i l i n g  had 
commenced i n  an e x p lo s iv e  m anner a f t e r  e x c e s s i v e  s u p e r h e a t i n g ,
( * Z \ )
i t  would n o t  c o n t i n u e .  The l i q u i d  u se d  to  bump a f t e r  r e l a ­
t i v e l y  lo n g  q u i e t  i n t e r v a l s .
COMMENTS ON THE APPARATUS .
( 1 )  Brown u se d  h i s  a p p a r a t u s  o n ly  a t  a tm o s p h e r ic  p r e s ­
s u r e .  On th e  b a s i s  o f  th e  p r e s e n t  work i t  c o u ld  be s a f e l y  
c la im e d  t h a t  th e  a p p a r a tu s  in  i t s  p r e s e n t  form  c o u ld  be u sed  
a t  low p r e s s u r e s .
( 2 )  To a v o id  bumping th e  f l a s k  must c o n t a i n  a  t h i c k  bed  
o f  g l a s s - b e a d s  and th e  c o i l  must be c o a te d  w i th  f i n e l y - d i ­
v id e d  P t .
( 3 )  The p r e s s u r e  i n  t h e  sy s te m  m ust be  m a in ta in e d  s t e a ­
d y .
( 4 |  The s u c c e s s  o f  an  • x p e r im e n t  d epend s  upon th e  im­
m e d ia te  s t a r t  o f  b o i l i n g  on s w itc h in g  on th e  c u r r e n t  th ro u g h  
t h e  h e a t i n g  c o i l ,  sm ooth b o i l i n g  a s  lo n g  a s  th e  c u r r e n t  i s  
p a s s i n g ,  and i t s  co m p le te  s to p p a g e  a s  soon  a s  th e  c u r r e n t  
i s  s w itc h e d  o f f .
C232J
TABLE 5.1.
WATER BftUIYAT.KWT OP CAL0EIMET3S ( B ) . 
m a i o r i m e t e r  c o n t a i n s  liSOd o e .  W a te r .
( 1 )  t r a i n s  s t e a m . -
TEST STEAM CONDENSED FINAIq CQBBECTED HEAT EX­ E.
n o . ( Gms, ) tewp . ° c . TEMP .RISE CHANGED ( Gms
°C. ( f c a l s )
1 . 8 .3 8 6 1 9 .3 2 3 .1 1 0 5194 1670
2 .  , 8 .2 9 6 1 7 .7 7 3 .0 8 6 5162 1670
3<1# 8 .8 6 9 2 0 .8 8 3 .3 2 8 5481 1643
4 . 8 .0 7 2 2 0 .9 4 2 .9 9 5 4981 1664
( 2 )  USIHG HOT WATER:-
TBST HOT WATER TEMP.OP FIBAL CORRECTED KBAT EX E . 
HO. ADDED H.WATER T p P .  TEMP .RISE CHANGED (Gms) 
(Gms) °C . °C . °C . ( G a ls )
5 .  7 0 .8 0  3 3 .0 9 3  1 4 .1 0  0 .806  1345 1669
6 .  7 5 .3 7  3 6 .2 9 0  1 7 .0 3  0 .8 7 2  1451 1665
7 .  6 2 .3 4  3 7 .9 8 0  1 6 .0 8  0 .8 2 0  1365 1666
A v e ra g e ..................................  1667
a(| R e j e c t e d ,  b e in g  to o  i n c o n s i s t e n t
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TABLE 5.11.
LATENT HEAT OP TOLUENE •
( C o n d e n sa t io n  Type A p p a r a t u s . )
TEST PRESSURE WEIGHT TEMP. PINAL CORRECT­ HEAT L
iro . (m m .) OP TOLU­ OP VA­ TEMP .OP ED RISE EXCHAN d a is .
ENE CON* POUR CALORI­ OP TEMP. GED
DENSED OC. METER ° c . d a i s .
(Gms) ° c .
1 . 760 3 3 .3 9 3 110*5 1 6 .5 0 2 .0 8 0 3468 6 5 .0
2 • »» 2 0 .7 2 8 9 9 16* Si 1 .2 7 0 2117 6 0 .2
3 . »» 1 9 .8 7 0 9 9 1 7 .3 0 1 .1 7 3 1956 5 6 .7
4 . t » 13 .1 88 9 9 2 0 .2 0 1 .0 0 5 1676 8 6 .5
5 . * * 1 4 .1 1 8 9 9 2 1 .2 0 1 .0 3 8 1729 8 2 .5
6 . > * 1 9 .7 1 4 9 9 1 5 .0 0 1 .5 6 9 2615 9 0 .0
7 . »» 1 5 .8 2 2 f 9 1 6 .0 3 1 .1 0 6 1841 7 4 .3
8 . $63 18 .3 5 7 7 5 .0 17*25 1 .1 5 6 1928 7 8 .8
9 . 360 2 1 .3 1 0 7 4 .5 1 8 .6 0 1 .19 7 1960 6 8 .7
( 2 3 k )
TABIiE 5 .2  
LATENT HEAT OF VAPORISATION OP BENZENE
( E l e c t r i c a l  A p p a ra tu s  )
TEST
HO.
PEESSUHE WEIGHT
LOSS
(gms)
VOLTS AMPKSES TIME 
( s e c s )
LATEHT 
( c a l s /g m )
1 . Atmos. 2 .63 2 4 .0 0 0 .8 6 5 300 9 4 .4 0
2 * >» 4 .1 8 0 4 .0 0 0 .859 480 9 4 .1 5
3 . »» 1 .8 6 4 2 .8 2 0 .8 7 0 300 9 4 .4 0
4 , 9 9 ' 1 .9 0 1 2 .8 4 0 .8 8 0 300 9 4 .3 0
•  •  •
(2.35)
TABLE 5,31
LATENT HEAT OF ALCOHOL ( 9 5 .6 ^ )  
(E l e c t r i c a l  A p p a r a t u s )
TEST PRESSURE WEIGHT E I  TIME LATENT
NO. (mm) LOST (V O l t s ) ( Amps) (m in ) HEAT
(gms) ( c a l s /g m )
1 . 148 3 .2 4 3 7 .7 5 0 .98 5 7 2 3 6 .4
2 . 1 5 1 .5 3 .3 4 1 8 .1 0 0 .9 7 0 7 2 3 6 .2
3 . ♦» 3 .3 1 3 7 .9 5 0 .962 7 2 3 1 .8
4 . > p 2 .5 3 8 8 .3 9 0 .9 8 1 5 2 3 2 .5
5 . 186 3 .5 4 4 8 .3 1 0 .987 7 2 3 3 .8
6 . »» 2 .9 8 5 8 .1 2 0 .985 6 23066
7 . 234 2 .4 8 4 8 .2 0 0 .9 8 0 5 2 3 2 .1
8 . 235 2 .4 6 4 7 .9 5 0 .985 5 2 2 8 .0
9 . t > 2 .8 9 0 7 .9 6 0 .976 6 2 3 0 .4
1 0 . p p 2 .80 5 7 .7 8 0 .9 7 2 6 23 2 .2
1 1 . 282 3 .0 6 2 8 .4 0 0 .9 7 3 6 2 2 9 .8
1 2 . * * 3 .0 0 3 8 .2 9 0 .966 6 2 2 9 .6
1 3 . »p 2 .7 8 5 7 .7 6 0 .9 6 2 6 2 2 8 .9
1 4 . 325 3 .0 29 8 .1 0 0 .9 9 0 6 22 7 .7
1 5 . • ♦ 2 .956 8 .0 0 0.987 6 2 2 9 .8
1 6 . p p 2 .8 9 1 7 .9 5 0 .96 6 6 2 2 8 .5
1 7 . 435 3 .0 0 9 8 .1 5 0 .98 5 6 22 9 .5
1 8 . f p 2 .9 8 7 8 .1 0 0 .975 6 2 2 7 .4
1 9 . p p 3 .0 3 9 8 .1 6 0 .9 8 5 6 2 2 7 .5
2 0 . 539 3 .5 5 6 8 .2 4 0 .9 7 3 7 2 2 6 .2
2 1 . * f 4 .0 3 8 8 .1 6 0 .9 7 0 8 2 2 4 .9
2 2 . t  9 3 .5 6 4 8 .2 6 0 .9 7 3 7 2 2 6 .1
2 3 . 5 7 7 .5 3 .677 8 .3 9 0 .975 7 2 2 3 .4
2 4 . 640 3 .6 0 4 8 .3 3 0 .9 7 1 7 2 2 5 .3
2 5 . p t 4 .1 1 8 8 .3 0 0 .9 6 8 8 2 2 3 .8
2 6 . p t 4 .0 3 5 8 .2 2 0 .9 6 5 8 22 5 .5
2 7 . 760 4 .4 2 8 8 .6 3 0 .9 9 5 8 2 2 2 .5
2 8 . 11 4 .3 4 0 8 .6 0 0 .985 8 2 2 4 .0
2 9 . p p 4 .2 6 7 8 .5 0 0 .9 8 3 8 2 2 4 .6
3 0 . 770 4 .0 6 3 5 .3 3 1 .9 7 5 6 2 2 3 .0
TABLE 5.22
LATENT HEAT OF TOLUENE 
( E l e c t r i c a l  A p p a r a t u s )
TEST PRESSURE WEIGHT E I  TIME LATENT
NO. (mm) LOST ( v o l t s )  (am ps) ( s e c s )  HEAT
( c a l s /g m )
1 . 128 2 .0 1 2 2 .1 5 0 .765 480 9 4 .0
2 . ** 1 .9 1 3 2 .1 5 0.757 480 9 7 .5
3 . 146 . 1 .6 8 0 2 .1 4 0 .7 46 420 9 5 .4
4 . »» 1 .9 3 2 2 .1 5 0 .752 480 9 6 .1
5 . 160 2 .6 0 1 2 .6 5 0 .9 2 2 420 9 4 .3
6 . 161 2 .9 8 3 2 .8 0 0 .981 420 9 3 .1
7 . 176 1 .1 7 4 2 .1 0 0 .726 300 9 3 .2
6 . 177 2 .1 6 4 2 .8 5 0 .9 9 4 300 9 3 .4
9 . 1 9 8 .5 3 .1 0 0 2 .8 8 0 .9 9 2 420 9 2 .6
10Q 201 3 .1 5 2 .9 0 0 .9 9 0 420 9 1 .6
1 1 . 215 0 .9 3 4 2 .0 6 0 .727 240 9 2 .1
1 2 . 2 5 4 .5 4 .5 0 3 2 .9 1 0 .987 600 9 1 .5
1 3 . y y 2 .9 9 4 2 .9 8 0 .9 97 360 8 5 .5
1 4 . 2 5 7 .5 3 .2 7 4 2 .9 8 1 .0 0 0 420 9 1 .4
1 5 . 262 2 .3 6 0 3 .0 0 1 .0 0 8 300 91 .9
1 6 . 270 3 .3 0 4 3 .0 0 1 .0 0 5 420 • 1 . 0
1 7 . 271 3 .2 6 6 2 .9 7 0 .9 9 6 420 9 0 .9
1 8 . 323 3 .2 1 3 2 .9 6 0 .9 8 1 f 420 9 0 .7
( 2 3 1 )
TABLE 5.22. (continued)
TEST PRESSURE WEIGHT E I  TIME LATE1TT
HO. (mm) LOST ( v o l t s ) ( am ps) ( s e c s )  HEAT
(gms) ( c a l s /g m )
1 9 . 414 3 .40 7 3 .0 0 0 .9 88 420 8 7 .3
2 0 . 4 3 3 .5 3 .5 0 9 3 .0 0 0 .987 420 8 4 .8
2 1 . 4 3 4 .5 3 .3 3 0 3 .0 1 0 .985 420 8 9 .4
2 2 . 439 3 .5 5 3 3 .0 4 0 .9 9 0 420 8 5 .0
2 3 . 555 3 .42 7 3 .0 7 0 .988 420 8 8 .8
2 4 . 558 3 .2 0 5 3 .0 0 0 .991 420 9 3 .0
2 5 . »» 3 .5 1 3 3 .1 0 0 .998 420 8 8 .4
2 6 . 637 3 .6 3 6 3 .1 8 0 .9 8 6 420 8 6 .6
2 7 . t » 2 .7 6 7 3 .2 0 1 .0 0 1 300 8 3 .2
2 8 . > > 2 .5 5 6 3 .2 5 1 .0 0 7 280 8 5 .7
2 9 . »» 3 .7 0 8 3 .3 0 0 .99 5 420 8 8 .9
3 0 . 644 3 .6 9 3 3 .2 0 0 .9 92 420 8 6 .3
3 1 . 648 3 .6 5 4 3 .2 7 0 .9 9 0 420 8 9 .0
3 2 . 743 3 .7 7 1 3 .3 0 0 .9 9 1 420 8 7 .0
3 3 . 761 3 .7 8 5 3 .2 8 0 .987 420 8 5 .8
3 4 . 765 3 .8 0 9 3 .2 7 0 .9 9 2 420 8 5 .5
3 5 . 766 3 .8 0 0 3 .2 9 0 .9 9 3 420 8 6 .1
3 6 . 90 1 .2 9 3 2 .3 8 0 .893 240 9 4 .3
3 7 . • t 1 .2 4 2 2 .3 5 0 .8 8 5 240 9 6 .0
3 8 . 96 1 .3 1 1 2 .3 7 0 .89 2 240 9 2 .6
3 9 . 402 1 .9 0 3 4 .7 2 0 .865 180 9 2 .4
4 0 . 496 4 .0 3 7 4 .2 0 0 .8 5 4 420 8 9 .2
4 1 . »» 4 .1 4 1 4 .2 0 0.855 420 8 7 .2
4 2 . 760 2 .2 9 0 2 .9 2 0 .9 3 8 300 8 5 .8
4 3 . »» 2 .2 7 0 2 .9 1 0 .932 300 8 5 .6
4 4 . »* 2 .2 2 2 2 .9 0 0 .9 23 300 8 6 .5
TABLE 5.3
B QUITO BT. OF ETHYL ALCOHOL UMPER VABIOUS PRESSURES
PHESSUBE (mm). BOILING- POINT ( ° C ) .
104 3 4 .4
116 3 6 .6
127 3 8 .7
137 4 0 .0
17 0 .5 4 4 .1
193 .5 4 7 .1
2 3 7 .5 5 1 .2
275 5 4 .6
322 5 8 .1
351 6 0 .0
402 6 3 .1
474 6 7 .0
540 7 0 .1
588 7 2 .1
62 9 .5 7 3 .8
65 2 .5 7 4 .8
698 7 6 .3
760 7 8 .5
^ 9 5 . 6 $  By w e ig h t .
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T A B L E  . 5.31.
BOILING POINT OP TOLUENE UNDER YARIOUS PEESSUBES. 
PRESSURE (.nan.) BOILING POINT (°Q )
11 7 .5 5 4 .9
1 2 9 .0 5 7 .2
1 4 6 .5 6 0 .4
1 7 0 .5 6 4 .7
1 7 2 .5 6 5 .1
1 9 2 .0 6 8 .2
2 2 5 .0 7 2 .4
2 2 7 .0 7 2 .7
2 5 9 .5 7 6 .6
2 8 7 .0 7 9 .5
5 6 9 .0 8 7 .1
4 1 6 .0 9 0 .6
4 5 5 .0 9 5 .5
4 9 7 .0 9 6 .5
5 4 7 .0 9 9 .6
650 .0 1 0 4 .5
6 6 5 .0 1 0 6 .0
6 7 6 .0 106 .9
7 4 6 .0 1 1 0 .1
7 5 6 .0 1 1 0 .5

D I S C U S S I O N
1 .  BOILING.
D u rin g  l a t e n t  h e a t  d e te r m in a t io n s  w ith  th e  e l e c t r i c a l  
a p p a r a tu s , i t  was o b serv ed  th a t  b o i l i n g  d o es  depend upon th e  
p r e se n c e  o f  a g e n ts  w hich  a id  b u b b le  fo r m a tio n  e i t h e r  b y  sup­
p ly in g  b u b b le  n u c l e i  in  th e  form  o f  ad sorb ed  g a s e s  or va p o u rs  
in  t h e i r  s u r f a c e s ,  o r , b y  m o d ify in g  c o n d it io n s  a d ja c e n t  t o  th e  
h e a t in g  s u r f a c e .  #I t  was found t h a t ,  when th e  h e a t in g  p la tin u m  
c o i l  had i t s e l f  become in a c t iv e  in  i n i t i a t i n g  b u b b le s , th e  ad­
d i t i o n  o f  e b u l la t o r s  l i k e  p orou s p o r c e la in ,  g la s s - w o o l  and 
g la s s - b e a d s  was o n ly  o f  s h o r t - l i v e d  a s s i s t a n c e  in  in d u c in g  
b u b b le  fo r m a t io n , e s p e c i a l l y  a t  lo w  p r e s s u r e s ,  T h is  w ould  
le a d  one to  th e  c o n c lu s io n  th a t  th e  ad so rb ed  g a s e s  and va p o u rs  
in  t h e i r  s u r fa c e s  p roved  h e lp f u l  a t  th e  o u t s e t ,  b u t a s  t h e s e  
w ere d is lo d g e d  b y  b o i l i n g  un d er vacuum, th e  e b u l la t o r s  became 
i n a c t i v e .  The b e h a v io u r  o f  e b u l l a t o r s  in  th e  f l a s k  was a s i ­
m ila r  on*. T here w a s , h ow ever , one im p o rta n t d i f f e r e n c e ,  v i z . ,  
th e  p r e s e n c e  o f  a t h ic k  bed o f  g la s s - b e a d s  in  th e  f l a s k  g a v e  
sm ooth b o i l i n g ,  once b u b b le  fo r m a tio n  had b een  in d u c e d , w here­
a s ,  in  th e  c a s e  o f  th e  l i q u i d  h e a te d  b y  p la tin u m  c o i l  in  th e  
t e s t  tu b e , th e r e  was f l a s h i n g  a t  i n t e r v a l s .
(.2 * 0
F or sm ooth b o i l i n g ,  th e  c o i l  had to  be c o a te d  w ith  
f i n e l y - d i v i d e d  p la t in u m . T h is  w ould  s u g g e s t  th a t  a d i f f e r e n t  
m echanism  was o p e r a t iv e  in  th e  two c a s e s .  H owever, i t  a p p ea rs  
p r o b a b le  th a t  in  ea ch  c a s e  th e  p r o c e s s  o f  sm ooth b o i l i n g  d e­
p en d s upon th e  p r e s e n c e  o f  c a v i t i e s  w hich  r e s t r i c t  th e  f r e e  
c o n v e c t io n  o f  th e  l i q u i d .  In  t h i s  c o n d it io n  th e  l i q u i d  h a s  a  
b e t t e r  chan ce o f  l o c a l  s u p e r h e a t in g . Any a d sorb ed  g a s  or  
vap ou r in  t h i s  c a v i t y  w ould e a s i l y  i n i t i a t e  a  b u b b le  w ith o u t  
e x c e s s iv e  s u p e r h e a t in g .  When a b u b b le  i s  e s c a p in g  from  t h i s  
c a v i t y ,  so m e" tra ce*  o f  vapour m ight be l e f t  b eh in d  b y  th e  bub­
b l e  in  c o n ta c t  w ith  th e  h e a t in g  s u r f a c e ,  and t h i s  w ould s e r v e  
a s  th e  n u c le u s  f o r  a in ew  b u b b le . lo o k e d  from  t h i s  a n g le  th e  
a p p a ren t d i f f e r e n c e  b etw een  th e  two c a s e s  d is a p p e a r s .  In  th e  
c a s e  o f  th e  b o i l i n g  f l a s k ,  th e  c a v i t i e s  w ere p ro v id e d  b y  th e  
u n f i l l e d  s p a c e s  b etw een  th e  s u r fa c e  o f  th e  f l a s k  and th a t  o f  
th e  g l a s s  b e a d s .  In  th e  c a s e  o f  th e  c o a te d  w ir e  th e  c a v i t i e s  
m igh t h ave b een  c r e a te d  b y  th e  u n even  d e p o s i t  o f  th e  f i n e l y -  
d iv id e d  p la t in u m . T h is  rough p la tin u m  s u r fa c e  gave sm ooth  
b o i l i n g  f o r  an i n d e f i n i t e  p e r io d  ev en  under vacuum, w h erea s  
a  d e p o s i t  o f  carb on  on th e  p la tin u m  s u r fa c e  was l e s s  e f f i c i e n t  
i n  p ro m o tin g  b o i l i n g  and l o s t  i t s  a c t i v i t y  q u ic k ly .  N orm ally  
one w ould  e x p e c t  t h a t  th e  d e p o s i t  o f  carb on  w ould be p orou s  
in  n a tu r e  and sh o u ld  g iv e  e a s y  b o i l i n g  l i k e  th e  f i n e l y - d i v i d e i i  
p la t in u m . S in c e  t h i s  was n o t found  to  be th e  c a s e ,  th e  d i s -
( f c t o )
crep a n o y  m ust be e x p la in e d  b y  assu m in g  th a t  th e  carb on  d e p o s i t  
changed  in  c h a r a c t e r .  I t  i s  w e l l  known th a t  a c t i v e  c h a r c o a l  
l o s e s  i t s  a c t i v i t y  f o r  a d so r b in g  g a s e s  in  co u rse  o f  tim e and 
h a s  to  be r e a c t iv a t e d  by s p e c ia l  t r e a tm e n t .  I t  i s  p o s s ib l e  
t h a t  t h i s  carb on  d e p o s i t  became f o u le d  in  a s im i la r  m anner.
No a ttem p t was made to  r e v iv e  i t  and t e s t  i t s  a c t i v i t y  a g a in .
From th e  above d i s c u s s io n  i t  i s  e v id e n t  t h a t  a f o -  
reigfa  g a s  in  th e  l i q u i d ,  w h eth er  in  s o lu t i o n  in  i t  or ad sorb ed  
on s o l i d  s u r f a c e s  p r e s e n t  in  i t ,  g iv e s  b u b b le s  much more 
e a s i l y  th a t  th e  l i q u i d  vapour i t s e l f .  The o r ig in  o f  a b u b b le  
o f  vap ou r in  a s a tu r a te d  or su p er h e a te d  l i q u i d ,  and t h a t  o f  
a b u b b le  o f  a f o r e ig n  g a s  in s id e  th e  l i q u i d ,  are  s u b j e c t  t o  
th e  same la w s  o f  p r e s su r e  r e l a t i o n s h i p s .  B ecau se  o f  i t s  na­
t u r a l  a t t r a c t i o n  f o r  i t s  own v a p o u r , th e  l i q u i d  w ould be r e ­
lu c t a n t  t o  r e l e a s e  a b u b b le  o f  i t s  v a p o u r , w h erea s , i f  i t  i s  
assum ed th a t  th e  p r e s s u r e  o f  th e  f o r e ig n  g a s  in c r e a s e s  en o r ­
m o u sly  a s  th e  t* * p e r a tu r e  o f  th e  l i q u i d  i s  r a i s e d ,  th e  r e l a ­
t i v e l y  e a s y  fo r m a tio n  o f  a b u b b le  o f  th e  f o r e ig n  g a s  in s id e  
th e  l i q u i d  c o u ld  be e x p la in e d .
The rough s u r fa c e  m ight a l s o  be h e lp in g  in  th e  d e­
v e lo p m en t o f  th e  n u c le u s  b u b b le  b y  p r o v id in g  c o n ic a l  "DIPS"
34
or co n ica l" T IP S "  a s  p o s t u la t e d  by C a s s e l  .  On th e  b a s i s  o f  
h i s  therm odynam ic th e o r y  o f  b u b b le  fo r m a t io n , L arson‘S  con ­
c lu d e d  th a t  s u r fa c e  ro u g h n ess  or c u r v a tu r e s  o f  m o le c u la r  or
u n i t  c r y s t a l  m agn itude h e lp s  in  th e  fo r m a tio n  o f  i n i t i a l  bub­
b l e s .  From C a s s e lTs  th e o r y  a l s o  i t  co u ld  be deduced  th a t  th e  
c r i t i c a l  s i z e  o f  th e  n u c le u s  b u b b le  o f  sm a ll d ia m e te r  c o u ld  
be o b ta in e d  w ith o u t  e x c e s s iv e  s u p e r h e a t in g  o n ly  i f  th e  c o n ta c t  
a n g le  w ere la r g e  and th e  c o n ic a l  d ip  or c o n ic a l  t i p  w ere  
m in u te in  s i z e ,  com parable fr ith  th a t  o f  th e  n u c le u s  b u b b le .
B oth  t h e s e  t h e o r i e s  le a d  to  th e  c o n c lu s io n  th a t  f o r  b u b b le  
fo r m a tio n  w ith o u t  e x c e s s iv e  s u p e r h e a t in g , th e  e le m e n ts  o f  su r ­
f a c e  ro u g h n ess  must be sm a ll in  m a g n itu d e . The fo r m a tio n  o f
f i n e l y - d i v i d e d  p la tin u m  form  P tC l w ould  p roduce a to m ic  P t ,
4
and d ep en d in g  upon th e  tem p era tu re  o f  d e c o m p o s it io n , a s m a lle r  
or la r g e r  number o f  atom s w ould a g g lo m e r a te  to  g iv e  c r y s t a l s • 
S in c e  th e  tem p era tu re  u sed  in  th e  d e c o m p o s it io n  o f  f tC l^  w as 
n o t  v e r y  h ig h , th e  c r y s t a l l i n e  m a sses  o b ta in e d  w ould be mi­
n u te  in  s i z e  and th e  d e p o s i t  p orou s in  n a tu r e .  In  th e  decom­
p o s i t i o n  o f  to lu e n e  v a p o u r , h ow ever, com plex  r e a c t io n s  g iv in g  
la r g e  m o le c u le s  a re  p o s s i b l e ,  and ev en  when co m p le te  d eh yd ro­
g e n a t io n  o f  th e  m o le c u le s  h a s  b een  a c h ie v e d , th e  r e s id u a l  mas­
s e s  prod u ced  w ould be r a th e r  la r g e  a g g lo m e r a te s .  I f  t h e r e ­
f o r e ,  m in u te  s i z e  o f  e le m e n ts  o f  s u r fa c e  ro u g h n ess  be reg a rd ed  
a s  th e  c h i e f  f a c t o r  a id in g  e b u l l i t i o n ,  th e  d i f f e r e n c e  b etw een  
th e  i n i t i a l  b e h a v io u r  o f  f i n e l y - d i v i d e d  P t and C co u ld  be  
e x p la in e d ,  and th e  p r e s e n t  o b s e r v a t io n s  w ould le n d  su p p o rt to  
th e  v ie w s  o f  C a s s e l  and o f  la r s o n ,  and a l s o  to  th e  o b s e r v a t io n s
of Saner e t  a l  who found th a t  a  th in  f i lm  on copper gave 
a 'b e t te r  h e a t f lu x .
When l iq u id s  were b o ile d  over e l e c t r i c a l l y  h ea ted  
w ire s , th e  b u bb les a t  th e  moment o f t h e i r  detachm ent from 
th e  s u r fa c e , were com parable in  s iz e  w ith  th e  d iam eter o f 
th e  w ire  b e in g  used . The bubb les formed in  th e  b o i l in g  
f l a s k  were much la r g e r  than  th o se  formed in  th e  t e s t - tu b e  
over th e  co a ted  p la tinum  w ire . In  a  sim ple b o i l in g  o f wa­
t e r  in  a  b e a k e r , to o , i t  i s  u s u a l ly  seen th a t  la rg e  steam 
b u bb les le av e  th e  su rfa c e . T h is would suggest th a t  th e  r 
s iz e  o f th e  i n i t i a l  bubb le  la r g e ly  depends upon th e  curva­
tu r e  Of th e  su rfa c e  on which th e  bubble  o r ig in a te s .  A 
smooth su rfa c e  w ith  a  sm all c u rv a tu re  g iv es  la rg e  bubb les.
A rough su rfa c e  g iv e s  sm a lle r  bu b b les a s  was a ls o  no ted  
g
by Jakob • From th e  p o in t  o f  view  o f h e a t t r a n s f e r ,  th e re ­
f o r e ,  a  rough suwface i s  p r e f e r a b le ,  s in c e  th e  fo rm ation  
o f sm a lle r  b u b b les  le a v e s  a la r g e r  p o r tio n  o f th e  h e a t 
t r a n s f e r  su rfa c e  to  be  w etted  by th e  l iq u id  which q u ick ly  
r e g a in s  i t s  su p e rh e a t.
2# B o ilin g  in  a  V e r t ic a l  Tube, N a tu ra l -C irc u la t io n , 
E vapora to r and th e  D iv is io n  o f th e  Tube in to  
B o ilin g  and N on-B oiling  S e c tio n s .
With th e  g la s s - tu b e  ev ap o ra to r th e  appearance 
o f th e  l i q u id  in s id e  th e  tu b e  cou ld  be  e a s i ly  observed .
The f l u i d  column was a c tu a l ly  found to  c o n s is t  o f b o i l in g
and n o n -b o ilin g  s e c t io n s . These o b se rv a tio n s  have a lre ad y
been reco rd ed  in  d e ta i l ' in  C hapter I . , and g e n e ra lly  f a l l
44in  l i n e  w ith  th o se  o f Brooks and Badger and o f o th e rs  
c i t e d  by th e se  a u th o rs . Only in  one re s p e c t  th e re  was some 
d i f f e r e n c e ,  v i z . , th e  d i s t r ib u t io n  o f phases in  s i tu a t io n  
(2) -  ( see In tro d u c t io n , P a r t  I I I  ) -  was in  no way u n i­
form . T h is was p o s s ib ly  due to  th e  la r g e r  d iam eter o f  tu b e  
u sed  in  th e  p re s e n t  work than  th e  one used  by Brooks and 
Badger. “Slug* a c t io n  i s  c l e a r ly  th e  r e s u l t  o f bubb le  co­
a le sc e n c e  and t h i s  co a lescen ce  becomes a l l  th e  more marked 
in  s i t u a t io n  (3) where th e  vapour form s one s in g le  column 
w ith  th e  l iq u id  on th e  s id e s  o f th e  tu b e . Due to  th e  la rg e  
d iam ete r o f th e  tu b e  th e  b u b b le s  pushed t h e i r  way up in  a 
z ig  zag manner th rough  th e  l i q u i d ,  making th e  phase d i s t r i ­
b u tio n  u n -u n ifo ra .
The zone o f s e p a ra tio n  between th e  b o i l in g  and 
th e  n o n -b o ilin g  s e c tio n s  was g e n e ra lly  i n d i s t i n c t  and t h i s  
s i t u a t io n  was ac ce n tu a te d  by th e  b u b b le s  o f d is s o lv e d  a i r  
in  th e  f e e d , which a id ed  pr© nature bubble  fo rm a tio n . When 
th e  fe e d  was d e a e ra te d  and th e  te m p era tu re  drop was low , 
t h i s  boundary betw een th e  two s e c t io n s  became c le a r e r .  Des­
p i t e  d e a e ra tio n  some a i r  rem ained d is s o lv e d  in  w ater and 
i n i t i a t e d  smooth b o i l i n g ,  w hereas e th y l a lc o h o l and to lu e n e  
cou ld  be  so th o rough ly  d e a e ra te d  th a t  th ey  showed co n s id e r­
a b le  tendency to  undergo ex cess iv e  su p e rh e a tin g .
Tem perature e x p lo ra tio n s  a long  th e  a x is  o f th e  
tu b e  shoved th a t  th e  maximum tem p era tu re  o f th e  l iq u id  
rough ly  co in c id ed  v i th  th e  zone o f s e p a ra tio n  of th e  b o i l ­
in g  and th e  n o n -b o ilin g  s e c t io n s ,  so th a t  one could  say 
w ith in  an e r r o r  o f about £1*5 in ch es  where th e  maximum 
tem p era tu re  would occur. Thus, b o i l in g ,  a s  i t  i s  norm ally  
u n d e rs to o d , does n o t commence t i l l  th e  l iq u id  reach es  or 
a t  l e a s t  c lo s e ly  approaches i t s  maximum tem p era tu re  in s id e  
th e  tu b e . A ir b u b b les  would norm ally  a id  p rem ature vapo­
r i s a t i o n  by v i r tu e  o f th e  p a r t i a l  p re s su re  o f th e  a i r  in *  
s id e  th e  b ubb le . The d i f fu s e  boundary between th e  b o i l in g  
and th e  n o n -b o ilin g  s e c t io n s  i s  ex p la in ed  in  t h i s  way* For 
th e  e v a lu a tio n  o f th e  b o i l in g  c o e f f i c i e n t s ,  th e r e f o r e ,  th e
tu b e  was d iv id e d  in to  b o i l in g  and n o n -b o ilin g  s e c t io n s  in
4 4th e  manner done by Brooks and Badger .
Even w ith  th e  m eta l tube  e v a p o ra to rs , th e  tempe­
r a tu r e  drop from thejtube s u rfa c e  to  th e  fe e d  l iq u id  was 
n o t high* There seems l i t t l e  j u s t i f i c a t i o n  to  suppose, 
th e r e f o r e ,  t h a t  in c ip ie n t  b o i l in g  could  have occu rred  in  
th e  n o n -b o ilin g  s e c t io n  on th e  w a lls  o f th e  tube, a p a r t  
from  o c c as io n a l r e le a s e  o f a i r  b u b b le s .
An exam ination  o f th e  ta b le s  in  C hap ters  I  and 
IX would show th a t  c o e f f i c i e n t s ,  b o th  o v e ra l l  and f i lm , 
a r e  c o n s is te n t ly  h ig h e r  f o r  th e  b o i l in g  s e c tio n  th an  f o r
th e  n o n -b o ilin g  s e c tio n . C o e f f ic ie n ts  based  on th e  e n t i r e  
le n g th  o f th e  tube a re  in te rm e d ia te  between th e  two and 
a re  rem arkably  c o n s ta n t f o r  any l iq u id - tu b e  p a i r .  With 
a l l  th r e e  v e r t i c a l ,  n a t u r a l - c i r c u la t io n ,  ev a p o ra to rs  th e  
fo llo w in g  g e n e ra l is a t io n s  could  be made : -
(1) Only a  sm all v a r ia t io n  was n o ted  in  th e  v a lu e  
o f th e  h e a t lo a d , q , a lthough  th e  fe ed  r a t e  v a r ie d  by seve­
r a l  hundred p e rc e n t f o r  each l iq u id - tu b e  p a i r .
(2) Roughly c o n s ta n t v a lu e  of th e  o v e ra l l  co e f­
f i c i e n t ,  0 ,  b ased  on th e  in te g ra te d  o v e ra l l  tem p era tu re  
d ro p , Atm , f o r  th e  e n t i r e  tu b e , were o b ta in ed .
I t  ap p ears  th a t  f o r  a g iven p re s s u re  in  th e  system , and 
a g iven  tem p era tu re  o f  h e a tin g  w ater in  th e  ja c k e t ,  th e  
b o i l in g  and n o n -b o ilin g  s e c t io n s  so a d ju s t  them selves f o r  
varyim g fe e d  r a t e s  a s  to  g iv e  rough ly  c o n s ta n t v a lu e s  of 
q and 0 ,  much a s  th e  b o d ie s  o f  a  m u lt ip le  e f f e c t  evapora­
to r  a u to m a tic a lly  a d ju s t  t h e i r  tem p era tu re  d ro p s. The f i x ­
in g  o f th e  p re s su re  has determ ined  th e  o v e ra l l  tem p era tu re  
d i f f e r e n c e ,  and i t  i s  c le a r  from th e  above g e n e ra l is a t io n  
t h a t  t h i s  h as  been th e  predom inant ag en t in  h e a t  t r a n s f e r ,  
w hether b o i l in g  ta k e s  p la c e  or n o t. T h is f a c t  g iv e s  th e  
d iv is io n  o f th e  f l u i d  stream  in to  b o i l in g  and n o n -b o ilin g  
s e c t io n s  a c e r t a in  degree o f u n r e a l i ty .  The o v e ra l l  h ea t 
t r a n s f e r  i s  determ ined  by o th e r  f a c to r s .  For t h i s  re a so n , 
in  r e p o r t in g  th e  p re s e n t d a ta ,  th e  o v e ra l l  c o e f f i c i e n t s ,
U, have a ls o  been Included .
3. H eat T ra n sfe r  C o e f f ic ie n ts  
in  th e  B o ilin g  S ec tio n .
As a r e s u l t  o f d e te r ­
m in a tio n s  on w ater and e th y l a lco h o l w ith  th e  g la s s - tu b e  
e v a p o ra to r , th e  o v e ra l l  c o e f f ic ie n t  f o r  th e  b o i l in g  s e c t io n ,  
, h as  been found to  in c re a s e  s te a d i ly  w ith  tem p era tu re  
drop . There i s  some r e a c t io n  to  feed  r a t e  in  th a t  w ith  in ­
c re a s in g  fe e d  r a t e  th e  c o e f f ic ie n ts  f o r  w ater in  th e  copper 
tu b e  e v a p o ra to r , f o r  example, f i r s t  d ec rease  and th en  in ­
c re a se . For th e  o th e r  two l iq u id s  in  th e  same tube  th e re  
i s  only  a s l i g h t  tendency to  d ec rease  and th en  th e  c o e f f i ­
c i e n ts  in c re a s e  s te a d i ly .  T h is  behav iou r i s  ex p la in ed  by 
su g g e s tin g  th a t  a t  low feed  r a t e s  th e  e f f e c t  o f th e  amount 
o f  vapour p red o m in a tes , and s in c e  t h i s  amount i s  l a r g e ,  th e  
c o e f f ic ie n t s  a re  a ls o  h ig h . On in c re a s in g  th e  feed  r a t e ,  
th e  amount o f vapour d ec re a se s  w ith  consequent d ec rease  
in  th e  c o e f f ic ie n ts .  At h ig h  fe e d  r a t e s ,  th e  f a l l  in  th e  
amount o f vapour i s  made up by th e  in c re a se d  amount of l i ­
q u id , r e s u l t in g  in  th e  h igh  v a lu e s  o f th e  c o e f f ic ie n ts  a -  
g a in . I t  was no ted  w ith  th e  g la s s - tu b e  ev ap o ra to r t h a t  a t  
h ig h  fe e d  r a t e s  th e re  was in c re a se d  a g i t a t io n  o f th e  f l u id  
in  th e  b o i l in g  s e c t io n . T h is would su g g est a  k ind  o f ana­
logy  w ith  th e  tu rb u le n t  m otion o f a  f l u i d  th a t  r e s u l t s  in
( 2 * 9 ;
"be tte r h e a t tra n s fe r*  The "boiling  f i lm  c o e f f ic ie n ts  f o r
w ater in  th e  copper tu b e  ev ap o ra to r m ostly  l i e  "between 8000
ana 3000 (B .T h .T J ./b r /s q .f t /0? , ) ,  and compare fav o u rab ly
44w ith  th e  r e s u l t s  o f Brooks and Badger f o r  s im ila r  v a lu e s  
o f tem p era tu re  drop and b o i l in g  tem perature*
The c o e f f ic ie n ts  in  th e  b o i l in g  s e c tio n  f o r  to lu ­
ene have been found to  be  g e n e ra lly  h ig h e r  th an  th o se  fo r
e th y l  alcohol*  For example, w ith  th e  copper tu b e , th e  va­
lu e  o f th e  f i lm  c o e f f i c i e n t ,  h ^ , f o r  to lu e n e  m ostly  l i e s  
between 450 an i 630, whereas f o r  e th y l a lc o h o l i t  m ostly  
l i e s  between 300 and 450. With th e  f o r c e d - c i r c u la t io n  eva­
p o r a to r ,  how ever, th e  s i tu a t io n  has been re v e rs e d ; th e  
f i lm  c o e f f ic ie n ts  f o r  to lu e n e  ( m ostly  800 to  500 ) a re  
low er th an  th o se  f o r  e th y l a lc o h o l ( m ostly  300 to  600 ) ,  
f o r  s im ila r  v a lu e s  o f l iq u id  v e lo c i ty ,  th e  tem p era tu re  drop 
b e in g  rough ly  c o n s ta n t and o f s im ila r  m agnitude in  b o th  
th e  cases* The h i g h e r  v a lu e s  o f th e  c o e f f ic ie n ts  f o r  to lu ­
ene in  th e  n a tu r a l - c i r c n la t lo n  ev a p o ra to rs  may p a r t ly  be 
due to  th e  f a c t  th a t  th a  m olar f r a c t io n  ev ap o ra ted  f o r  to ­
lu e n e  in  th e  copper tu b e , f o r  exam ple, i s  h ig h e r  ( 0*863
to  0*344 ) th an  f o r  e th y l a lc o h o l ( 0*158 to  0*858 ) ,  f o r
s im ila r  v a lu e s  o f tem p era tu re  drop . T h is d if f e re n c e  must 
b e  g iv in g  much h ig h e r  f l u i d  v e l o c i t i e s  f o r  to lu e n e  in  th e  
b o i l in g  s e c t io n ,  r e s u l t in g  in  b e t t e r  h e a t  tra n s fe r*
On th e  b a s i s  o f  r e s u l t s  on th e  f o r c e d - c i r c u la -
t io n  e v a p o ra to r , th e  b o i l in g  f ilm  c o e f f i c ie n t s ,  hg , c o r re s ­
pond to  f l u i d  v e l o c i t i e s  o f th e  o rd e r o f 5 -  15 f t / s e c .  ; 
f o r  to lu e n e  th e  v a lu e s  o f th e  f ilm  c o e f f ic ie n t ,  h ,  in  th e  
f o r c e d - c i r c u la t io n  ev ap o ra to r ‘become com parable w ith  th o se  
o f hg only  when th e  l iq u id  v e lo c i ty  has reached  a v a lu e  
o f 8 f t . / s e c .  T h is would show th e  marked s u p e r io r i ty  o f 
th e  n a tu r a l - c i r c u la t io n  ev ap o ra to r.
4 . E f f e c t  o f S u rface  T ension.
The rem arkable e f f e c t  o f reduced su rfa c e  te n s io n  
on th e  n a tu re  o f  b o i l in g  in  a v e r t i c a l  tube has a lre a d y  been 
d e sc r ib e d  ( C h .I ) .  With reduced  su rfa c e  te n s io n  th e  forma­
t io n  o f b u b b les  becomes much e a s ie r  and th e  b u b b les  a re  a ls o  
s t a b le r .  The bu b b les m ostly  develop on th e  top  o f th e  l i ­
qu id  column, and , th e r e fo r e ,  do n o t c a r ry  any c o n s id e rab le  
l iq u id  w ith  them. The reduced  su rfa c e  te n s io n  seems to  
have in c re a se d  th e  b o i l in g  o v e ra l l  c o e f f ic ie n t  a lth o u g h  i t s  
e f f e c t  was g r e a t ly  masked by th e  h ig h  r e s is ta n c e  o f th e  
g la s s - tu b e .
5. Tem perature m easurem ents in  th e  V e r t ic a l  Tube.
ThT>se should  be f a i r l y  a c c u ra te  f o r  th e  b o i l in g  
s e c t io n  and f o r  th e  f o r c e d - c i r c u la t io n  ru n s , in  b o th  o f 
which th e re  was c o n s id e ra b le  m ixing o f th e  l iq u id .  In  th e  
n o n -b o ilin g  s e c tio n  i t  was observed w ith  th e  g la s s - tu b e
( » s i )
t h a t  a  f a i r  degree o f m ixing of th e  l iq u id  o ccu rred  as  e v i­
denced “by v i s i b l e  convection  c u r r e n ts .  The r e g u la r i ty  o f 
th e  cu rves f o r  Tem perature Drop v s . D is tan ce  from th e  tube
bottom* f o r  th e  n o n -b o ilin g  sec tio n *  th e  appearance o f th e  
convec tion  c u rre n ts*  th e  d is tu rb a n c e  caused by th e  a i r -  
bubbles*  and th e  commencement o f rough ly  sim ultaneous b o i l ­
in g  a long  th e  whole c ro s s - s e c t io n  o f th e  tube* a l l  le n d  
su p p o rt to  th e  view  th a t  th e  tem p era tu res  reco rd ed  by th e  
t r a v e l l i n g  therm ocouple a t  th e  a x is  o f the^tube could  n o t 
be f a r  from th e  average tem p era tu re  o f th e  b u lk  o f th e  
l iq u id .
6 . B o llin g  on a  Wire
and th e  B o ilin g  Curve.
When a  l iq u id  a t  i t s  b o i l in g  p o in t  i s  c i r c u la te d  
over a  h ea ted  wire* b o i l in g  does n o t b eg in  u n le s s  a  c e r ta in  
minimum f lu x  v a lu e  has been reached . The m agnitude o f t h i s  
minimum ( co rrespond ing  to  w hich, th e re fo re *  th e re  was a 
minimum tem p era tu re  drop requ irem en t ) was gem erally  h ig h e r
g
th an  th o se  observed by McAdams e t  a l  * making allow ance 
f o r  th e  d if fe re n c e  in  th e  w ire  d iam eters?  i t  was found to  
in c re a s e  w ith  d e c re a s in g  w ire  d iam eter*  a s  a ls o  observed 
by th e s e  a u th o rs . I t  in c re a se d  w ith  in c re a s in g  l iq u id  v e lo ­
c i t y .  I t  i s  p o s s ib le  th a t  th e  f r i c t i o n  head a r i s in g  from 
th e  v e lo c i ty  o f  c irc u la t io n ^  was re s p o n s ib le  f o r  th e  con­
s i s t e n t l y  h ig h e r  v a lu e s  observed h e re . E th y l a lc o h o l was
(25 2)
found to  show an abnormal tendency f o r  su p e rh e a tin g ; b o i l ­
in g  would n o t b eg in  u n t i l  f a i r l y  h ig h  v a lu e s  o f tem p era tu re  
d rops o f  th e  o rd e r o f 30°to  35°F were reach ed , a lth o u g h  i t  
would co n tin u e  down to  much low er v a lu e s  o f tem p era tu re  
d ro p .o n ce  i t  had been i n i t i a t e d .  That t h i s  i n i t i a l  abnor­
mal su p e rh e a tin g  In c reased  w ith  d ec re a s in g  w ire  d iam eter 
i s  somewhat s u rp r is in g  injvlew o f th e  g en e ra l b e l i e f  th a t  
on a  su rfa c e  o f la r g e r  c u rv a tu re  bubble fo rm a tio n  i s  e a s i -
tk c
e r .  In  t h i s  r e s p e c t  t h i s  r e s u l t  wcfltld ag ree  w ith ro b se rv a -  
32t io n s  o f  Dean who found th a t  sharp  edges and p o i n t s  were 
by no means b e t t e r  prom oters o f b o i l in g .  The minimum va­
lu e s  o f tem p era tu re  d rops f o r  which v i s i b l e  b o i l in g  was 
o b ta in e d , ranged  from 1 0 °to  25°P depending upon w ire  d ia ­
m e te r , l i q u i d  v a lo c i ty ,  and th e  n a tu re  offthe l iq u id .
For w a te r , in  th e  upper p a r t  o f th e  n u c le a te  
b o i l in g  cu rv e , th e  v a lu e s  o f f lu x  fo r  th e  two w ires  a re  
o f  th e  same o rd e r a s  th o se  o b ta in ed  by McAdams e t  a l .  In  
th e  low er p a r t ,  co rrespond ing  to  tem p era tu re  d rops o f ab­
ou t 10-25°F , th e  v a lu e s  o f f lu x  a re  somewhat h ig h e r ,  sh o e­
in g  th a t  th e  v e lo c i ty  o f  l iq u id  a id ed  h e a t t r a n s f e r  by in ­
c re a s in g  th e  tu rb u le n c e  o f th e  l iq u id .  S im ila r ly ,  in  th e  
ran g e  o f low tem p era tu re  d rops u p to  about 10°F , th e  v a lu e s  
©f f lu x  a re  h ig h e r  th an  would co rrespond  to  n a tu r a l  con­
v e c tio n  h e a tin g  o f w a te r , showing ag a in  th e  e f f e c t  o f  v e lo ­
c i t y  in  In c re a s in g  h e a t f lu x  in  t h i s  re g io n . For th e  same
(2 ,6  ^
wipe th e  e f f e c t  o f (v e lo c i ty  has e i th e r  been n e g l ig ib le  or 
on ly  v ery  s l i g h t .  A d ec rease  in  w ire  d iam eter h as  in c re a ­
sed  th e  v a lu e  o f f lu x  u p to  a tem p era tu re  drop o f about 25°
P.
For e th y l a lc o h o l, th e  form o f th e  curve in  th e  
upper n u c le a te  reg io n  and a ls o  in  th e  f i lm  b o i l in g  reg io n  
i s  th e  same a s  g e n e ra lly  accep ted . For tem p era tu re  drops 
u p to  abou t 25°F , th e  e f f e c t  o f  v e lo c i ty  and w ire d iam eter 
h a s  been th e  same as  in  th e  case  o f w ater.
Above a tem pera tu re  drop o f about 25°F , f o r  b o th  
w ater and e th y l a lc o h o l, i t  i s  found th a t  th e  cu rves co r­
resp o n d in g  to  d i f f e r e n t  w ires  and l iq u id  v e l o c i t i e s  have 
a  tendency to  merge in to  one a n o th e r , t h i s  tendency b e in g  
b e t t e r  marked in  th e  case  o f e th y l a lc o h o l. T h is r e s u l t  
ag ree s  c lo s e ly  w ith  t h a t  o b ta in ed  by McAdams e t  a l .  T h is  
would su g g e s t, th e r e fo r e ,  th a t  th e  tu rb u le n c e  caused by 
in c re a se d  r a t e  o f  b o i l in g  f o r  tem p era tu re  d rops above ab­
o u t 25°F o v e rr id e s  a l l  o th e r  f a c to r s  l i k e  v e lo c i ty  o f c i r -  
c i l a t i o n  and w ire  d ia m e te r , and th e  f lu x  r i s e s  sh a rp ly  w ith  
tem p era tu re  drop in  th e  n u c le a te  b o i l in g  re g io n . The v a lu e s  
o f f lu x  a re  h ig h e r  f o n  iw ater th an  th o se  f o r  e th y l a lco h o l 
under th e  same c o n d itio n s . The e f f e c t  o f con tam ination  
h a s  been to  r e iu c e  f lu x  f o r  th e  same tem p era tu re  drop and 
l iq u i d  v e lo c i ty  f o r  w ate r.
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The f o l lo w in g  s ta te m e n ts  are  made on th e  b a s i s  o f  
th e  p r e s e n t  i n v e s t i g a t i o n s
 ^ B o i l in g  d epends upon th e  p r e se n c e  o f  e b u l la t o r s  
w h ich  a id  sm ooth b u b b le  fo r m a tio n  by c r e a t in g  c a v i t i e s  on 
th e  h o t s u r fa c e  and th u s  m o d ify in g  c o n v e c t io n  to  g iv e  l o c a l  
s u p e r h e a t in g  in  th e  im m ediate n eigh b ou rh ood  o f  th e  h e a t in g  
s u r fa c e *  F o r  a t h in  p la tin u m  w ir e  u sed  f o r  b o i l i n g  l i q u i d s ,  
th e s e  c a v i t i e s  a re  b e s t  p ro v id ed  b y  a t h in  c o a t in g  o f  f i n e ­
ly - d iv id e d  p la tin u m * The n u c le u s  b u b b le s  can  o r ig in a t e  w ith ­
out much s u p e r h e a t in g  i f  ad sorb ed  g a s  or vapour i s  a v a i la b le  
e i t h e r  in  th e  s u r fa c e  o f  th e  e b u l la t o r  or in  th e  h e a t in g  
s u r fa c e  i t s e l f *  In  th e  lo n g  run th e  ad sorb ed  g a s  or vapour  
in  th e  s u r fa c e  w i l l  be rem oved. In  th e  a b sen ce  o f  ad sorb ed  
g a s  or rough s u r f a c e s ,  b u b b le s  can  o r ig in a t e  o n ly  b y  th e  
e x c e s s i v e  s u p e r h e a t in g  n e c e s s a r y  f o r  th e  f u l f i l m e n t  o f  th e  
therm odynam ic r e q u ir e m e n ts  o f  th e  p r o c e s s*
( 2 ) U s in g  a g la s s - t u b e  e v a p o r a to r , th e  ap p earan ce  
o f  th e  b o i l i n g  l i q u i d  h a s  b een  fou nd  to  co n fir m  g e n e r a l ly  
th e  r e s u l t s  o f  p r e v io u s  i n v e s t ig a t o r s *  The rem arkab le e f f e c t  
o f  s u r fa c e  t e n s io n  in  a l t e r i n g  t h i s  ap p earan ce h as b een  de­
s c r ib e d *  The b o i l i n g  r e g io n  o f  w a ter  w ith  red u ced  s u r fa c e
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t e n s io n  ( 0 .1 $  s o lu t io n  o f  P erm in a l W.A. in  w a te r ;  s u r fa c e  
t e n s io n  about 50$  th a t  o f  pure w a te r )  c o n s i s t s  e n t i r e l y  o f  
b u b b le s  w ith  o n ly  a t h in  f i lm  o f  l i q u i d  on th e  tu b e su r fa c e *  
The f l u i d  column c o n s i s t s  o f  b o i l i n g  and n o n - b o i l in g  r e ­
g io n s ,  and th e  zon e o f  s e p a r a t io n  o f  th e  two s e c t i o n s  c o r ­
resp o n d s  to  th e  maximum tem p era tu re  o f  th e  l i q u i d .  The 
e f f e c t  o f  d i s s o lv e d  a i r  i s  to  ob scu re  th e  boundary b etw een  
th e  b o i l i n g  and n o n - b o i l in g  s e c t i o n s .
( 3 )  Reduced s u r fa c e  t e n s i o n , o b ta in e d  b y  d i s s o l v ­
in g  0 .1 $  P erm in a l W.A. in  w a te r , h a s  s l i g h t l y  in c r e a s e d  
b o i l i n g  c o e f f i c i e n t s  f o r  w a te r , a lth o u g h  i t s  e f f e c t  h a s  
b een  g r e a t l y  masked b y  th e  h ig h  r e s i s t a n c e  o f  th e  g l a s s -  
w a l l .
( 4 )  The d i v i s i o n  o f  a v e r t i c a l  tu b e  e v a p o r a to r  
in t o  b o i l i n g  and n o n - b o i l in g  s e c t i o n s  h a s  b een  con firm ed *  
H ow ever, f o r  equipm ent o f  th e  k in d  u se d  h ere  and f o r  th e  e x ­
p e r im e n ta l c o n d i t io n s ,  em p loyed , i t  seem s more r e a s o n a b le  to  
t r e a t  th e  tu b e  a s  a w h o le , s in c e  v a lu e s  o f  f q T and , Uf e i t h e r  
show a sm a ll change w ith  f e e d  r a t e ,  or are  r o u g h ly  c o n s t a n t .
( 5 )  U s in g  a g la s s - t u b e  u nder n a tu r a l  c i r c u l a t i o n ,  
and a v e r t i c a l  cop p er tu b e  u nder b o th  n a tu r a l  and fo r c e d  
c i r c u l a t i o n ,  c o e f f i c i e n t s  have b een  r e p o r te d  f o r  w a te r , 95*6$  
e t h y l  a l c o h o l ,  and t o lu e n e .  O v e r a ll  b o i l i n g  c o e f f i c i e n t s  
h ave b een  r e p o r te d  f o r  0 .1 $  P erm in a l W.A. aq u eou s s o lu t io n
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in  th e  g la s s - t u b e  e v a p o r a to r . B o i l in g  f i lm  c o e f f i c i e n t s  
h ave b een  R ep orted  f o r  w a ter  in  a v e r t i c a l ,  n a t u r a l - c i r c u l a -  
t i o n ,  s t a i n l e s s  s t e e l  e v a p o r a to r  tu b e .  The f i lm  b o i l i n g  co ­
e f f i c i e n t s  a r e  th e  h ig h e s t  f o r  w a te r .  The v a lu e  o f  h-g f o r  
w a te r  g e n e r a l ly  l i e s  b etw een  2 ,0 0 0  and 3 ,0 0 0  (B .Th.U . / h r / s q .  
f t . / 0] ? . ) .  F or to lu e n e  under n a t u r a l - c i r c u l a t io n ,  th e  v a lu e s  
o f  h^ a r e  g e n e r a l ly  b etw een  450  and 6 3 0 , w h ereas f o r  e t h y l  
a lc o h o l  th e y  l i e  m o s t ly  b etw een  300 and 4 5 0 . For th e  fo r c e d  
c i r c u l a t i o n  r u n s , how ever, th e  f i lm  c o e f f i c i e n t s  f o r  to lu e n e  
a r e  lo w e r  th a n  th o s e  f o r  e t h y l  a lc o h o l  f o r  s im i la r  l iq u id  
v e l o c i t i e s .  A ttem p ts  a t  c o r r e la t in g  th e  d a ta  on th e  f o r c e d -  
c i r c u l a t i o n  Kuns f o r  w a te r , 9 5 .6 $  e t h y l  a lc o h o l  and t o lu e n e ,  
w ith  an e q u a t io n  o f  th e  D i t t u s - B o e l t e r  ty p e  h ave f a i l e d .
The b o i l i n g  f i l m  c o e f f i c i e n t s  co rresp o n d  to  l i q u i d  v e l o c i t i e s  
o f  from  5 t o  15 f t / s e c . ,  on th e  b a s i s  o f  th e  f o r c e d - c i r c u l a ­
t i o n  r e s u l t s .
The c o e f f i c i e n t s  in  th e  b o i l i n g  s e c t i o n  in c r e a s e  
w ith  A tg (C h . W ith in c r e a s in g  f e e d  r a te  th e y  d e c r e a s e
t o  a g r e a t e r  or l e s s e r  d e g r e e ,  d ep en d in g  upon th e  l i q u i d ,  
and th e n  in c r e a s e  a g a in ,  b u t t h i s  e f f e c t  i s  c o m p a r a t iv e ly  
s m a ll  •
( 6 ) The b o i l i n g  o f  w a te r  and 9 5 .6 $  e t h y l  a lc o h o l  
o v er  h e a te d  p la tin u m  w ir e s  h a s b een  s tu d ie d  w ith  th e  l i q u i d s  
u n d er f o r c e d - c i r c u l a t i o n ,  a t  l i q u i d  v e l o c i t i e s  o f  1 f t / s e c . ,
2 f t / s e c . ,  and 2 .9  f t / s e c . ,  r e s p e c t i v e l y .  W ith w a te r  two
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w ir e s  o f  0 .0 2  i n .  d iam eter^ h ave b een  ufced w h ile  w ith  e t h y l  
a lc o h o l  an a d d i t io n a l  w ir e  o f  0 .0 0 5  i n .  d ia m eter  h a s a l s o  b een  
u s e d .  T e s t  s e c t i o n s  o f  about 6 .8  i n . ,  w ith  p o t e n t i a l  l e a d s  a t  
ab ou t i n .  from  ea ch  end o f  th e  w ir e s ,  have b een  u s e d .  Most 
o f  th e  work i s  c o n f in e d  t o  th e  n u c le a t e  r e g io n  :3 : a lth o u g h
two s e r i e s  o f  t e s t s  on e t h y l  a lc o h o l  a l s o  in c lu d e  r e s u l t s  on 
th e  f i l m  r e g io n .  The c u r v e s  in  th e  n u c le a te  and f i lm  r e g io n s  
a re  o f  th e  same form  a s  g e n e r a l ly  a c c e p te d . They a r e ,  how­
e v e r ,  p la c e d  h ig h e r  in  th e  n a t u r a l- c o n v e c t io n  and lo w er  nu­
c l e a t e  b o i l i n g  r e g io n s ,  due to  th e  e f f e c t  o f  tu r b u le n c e  ca u sed  
b y  f o r c e d - c i r c u l a t i o n .  C urves f o r  w a te r  a re  h ig h e r  th a n  f o r  
e t h y l  a l c o h o l ,  and th o s e  f o r  th in n e r  w ir e s  a re  p la c e d  h ig h e r
th a n  th e  c u r v e s  f o r  th e  t h ic k e r  w ir e s ,  f o r  tem p era tu re  d ro p s  
o Aup to  ab ou t 25 F . ■“h o v e  t h i s  v a lu e  o f  tem p era tu re  drop v e lo ­
c i t y  and w ir e  d ia m eter  h a r d ly  seem to  have any g r e a t  e f f e c t  on 
th e  p o s i t i o n  o f  th e  c u r v e , w it h in  l i m i t s  o f  e x p e r im e n ta l e r r o r .
( 7 )  L a te n t h e a t  d e te r m in a t io n s  have b een  made on 
9 5 . 6$  e t h y l  a l c o h o l ,  and h ig h  p u r i t y  to lu e n e  a t  a tm o sp h er ic  
and lo w e r  p r e s s u r e s ,  u s in g  an e l e c t r i c a l  a p p a r a tu s . B o i l in g  
P o in t  v s .  P r e ss u r e  and L a te n t  H eat v s .  B o i l in g  P o in t  c u r v e s  
have b ean  o b ta in e d  f o r  th e  two l i q u i d s .
( )
3U&GBST I  OHS FOE FURTHER WORg.
The f o l lo w in g  s u g g e s t io n s  a r e  o f f e r e d  f o r  e x te n d in g  
th e  p r e s e n t  i n v e s t i g a t i o n s
( 1 )  More work: i s  n eed ed  t o  e lu c id a t e  f a c t o r s  a f f e c t ­
in g  th e  o r ig in  o f  a b u b b le . W hat, f o r  exa m p le , i s  th e  n a tu r e  
o f  th e  n u c l e i  and what d e c id e s  w h eth er  a p a r t ic u la r  sp o t on an  
o th e r w is e  u n ifo rm  s u r fa c e  w i l l  become an a c t i v e  n u c le u s?
I t  h a s  b een  o b serv ed  t h a t  a s  th e  tem p era tu re  o f  th e  h o t su r ­
f a c e  in c r e a s e s  th e  number o f  a c t i v e  n u c l e i  a l s o  in c r e a s e s .
When th e  tem p era tu re  i s  lo w ered  a g a in , th e  n u c le u s  w hich  b e­
came a c t i v e  f i r s t  i s  a l s o  th e  l a s t  t o  c e a s e  t o  be a c t i v e .
T h is  w ould s u g g e s t  th a t  tem p era tu re  h as a marked in f lu e n c e  
in  a c t i v a t i n g  a p a r t ic u la r  n u c le u s ,a n d  t h a t  some n u c le i  n eed  
a h ig h e r  tem p era tu re  th an  o th e r s  to  become a c t i v e .  The f o r ­
m ation  o f  b u b b le s  in  s u p e r sa tu r a te d  s o lu t io n s  o f  g a s e s  in  
l i q u i d s  m igh t be c o r r e la t e d  w ith  t h i s  n u c le a r  b o i l in g *  For  
ex a m p le , th e  same e b u l la t o r  c o u ld  be t r i e d  b o th  w ith  th e  
su p e r h e a te d  l i q u i d s  and w ith  th e  s u p e r sa tu r a te d  g a s  s o l u t i o n s .  
For t h e s e  i n v e s t i g a t i o n s  a d v a n ta g e  co u ld  be ta k en  o f  th e  me-
i ip  1 Q
th o d s  em ployed  b y  Dean , L arson  , and Wismer & h i s  a s s o -
, . 28,29e l a t e s  * •
( 2 ) i n  e l e c t r i c a l l y  h e a te d  v e r t i c a l  tu b e  e v a p o r a to r  
c o u ld  be d e s ig n e d .  T h is  w ould  e l im in a t e  a l l  th e  r e s i s t a n c e
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on th e  "steam  s id e " *  The o n ly  r e s i s t a n c e  in  such  a s e t - u p  
w ould be th e  l iq u i d  f i l m  on th e  in s id e *  For tem p era tu re  
m easu rem en ts, tu b e  w a l l  and t r a v e l l i n g  th erm o co u p les  c o u ld  
be u s e d .  Such a s e t - u p  w ould p erm it a w ide v a r ia t io n  in  
tem p era tu re  d rop s and h e a t  lo a d s ,  and a g r e a t  a c c u r a c y  co u ld  
be a t t a in e d .  Much work i s  n eed ed  to  e lu c id a t e  th e  e x a c t  
o p e r a t io n  o f  tem p era tu re  d ro p , v i s c o s i t y ,  s u r fa c e  t e n s io n ,  
and n a tu r e  o f  th e  l i q u i d ,  e t c .
( 3 )  Some o f  th e  r e s u l t s  r e p o r te d  h ere  depend upon 
tem p era tu re  m easurem ents in  th e  n o n - b o i l in g  s e c t i o n .  There  
i s  some doubt a s  to  th e  a c c u r a c y  o f  t h e s e  m easu rem en ts. I t  
w ould  be o f  i n t e r e s t  i f  th e  d i s t r i b u t i o n  o f  tem p era tu re  a c r o s s  
th e  tu b e co u ld  be e x p lo r e d  b y  a th erm ocou p le  m oving a c r o s s  
I n s te a d  o f  up and down.
( 4 )  F or  b o i l i n g  l i q u i d s  in  f o r c e d - c i r c u l a t i o n  p a r a l­
l e l  t o  h e a te d  w ir e ,  th e  e f f e c t s  o f  th e  n a tu r e  o f  th e  l i q u i d ,  
s u r fa c e  a c t i v e  a g e n t s ,  and th e  n a tu r e  o f  th e  w ir e  s u r fa c e  
i t s e l f ,  c o u ld  be s t u d ie d .  The w ir e  s u r fa c e  c o u ld  be c o a te d  
w ith  a t h in  f i l m  o f  f in e l y - d i v i d e d  p la tin u m , f o r  exam p le ,
and th e  n a tu r e  o f  b o i l i n g  and th a t  o f  th e  b o i l i n g  cu rve  ob­
serv ed *  W ires o f  p u re p la tin u m  c o u ld  be u sed  to  ch eck  th e  
a c c u r a c y  o f  th e  p r e s e n t  r e s u l t s .  W ires o f  o th e r  m e ta ls  
c o u ld  be a l s o  u s e d .  W ith th e  p r e s e n t  s e t - u p  h ig h  v e l o c i t i e s
(2(>C0
o f  c i r c u l a t i o n  c o u ld  n o t  b e  a t ta in e d *  A r o t a r y  pump co u ld  
be u sed  in  th e  c i r c u l a t io n g  sy stem  f o r  o b ta in in g  h ig h  f l u i d  
v e l o c i t i e s *  Work co u ld  be ex ten d ed  t o  p r e s s u r e s  above and 
b e lo w  a tm o sp h er ic*
A =
C *  
D *= 
E 8
h  SB
hMB“
V
V
k sc
Q *
q »  
q/A  *
qB »  
%B *
U B
TABLE QF UNITS AND HQMMCMTrag*.
H eat T r a n s fe r  A rea; f o r  v e r t i c a l  tu b e  e v a p o r a to r s  
com puted on th e  b a s i s  o f  th e  a v e r a g e  o f  in t e r n a l  
and e x t e r n a l  d ia m e te r s ;  sq . f t *
8p . H e a t , B .T h .U ./( lt> . ) ( ° P ) .
D ia m e te r , Ft*
V o lta g e  or P o t e n t i a l  D rop , V o lts*
F ilm  C o e f f i c i e n t  o f  H eat T r a n s fe r ,  B. Th. U /h r /s q .  f  t /° F ^
* « w m f 0r B o i l i n g  S e c t io n .
w n « it m tt N o n - b o i l in g  w
H M tt tt tt it f o r  H e a t in g  Water*
h tt «  tt tt .« tt T u b e  W a l lw
Therm al C o n d u c t iv i t y ,  B .T h .U /h r /s q * f t / ( ° F  p er  f t * ) .  
T o ta l  H eat Load in  a  g iv e n  t im e ,  B .T h .U .
* * w p e r  h o u r , B .T h .U /k r .
H eat F lu x ,  B .T h .tJ /h r ./s^  -fK
H eat Load p e r  Hour th ro u g h  th e  B o i l i n g  S e c t io n ,
B. T h .U /h r .
* * " * w M N o n -B o il in g  S e c t io n ,
B.Th* U /h r .
O v e r a ll  H eat T r a n s fe r  C o e f f i c i e n t ,  b a se d  on th e  
A en gth  Mean T em perature D rop , f o r  th e  e n t i r e
t u b e ,  B .T h .U /h r /s q .
O v e r a ll  H eat T r a n s fe r  C o e f f i c i e n t  f o r  th e  B o i l in g  
S e c t io n .
O v e r a ll  w H 11 a n  N o n f t lo i l-
in g  s e c t i o n .
TABLE OP UNITS AND NOMENCLATURE. (  C o n tin u e d  )
V b  V e l o c i t y ,  F t . / s e c *
A t b  T em perature D rop , °F .
A t^  b  A pparent T em perature Drop from  H e a t in g  S id e  t o  th e  
S e p a r a to r .
A tg  b  Temp. Drop f o r  th e  B o i l in g  S e c t io n -  
A t ^ B  w tt e e N o n -B o ilin g  S e c t io n .
A tm b L en gth  Mean Temp. Drop f o r  th e  e n t i r e  tu b e ,  
jtt b  A b s o lu te  V i s c o s i t y ;
V i s c o s i t y  in  c e n t i p o i s e s  x  0 .0 0 0 6 7 2
b V i s c o s i t y  in  l h s . / ( s e c . ) ( f t .  )
V i s c o s i t y  in  C e n t ip o is e s  x  2 ,4 2
b V i s c o s i t y  in  l h s . / ( h r . ) ( f t . ) .
^  cs D e n s i t y ,  l h s . / c u . f t .
(2&3J)
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